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I. INTRODUCTION 
A. Objectives and Significance of the Investigation 
This research is primarily an investigation of the pos­
sibility of producing sodium hydroxide solutions of commercial 
value by the ion exchange method. Olosely related to this 
objective is an understanding of the mechanism and limitations 
of the ion exchange process. 
Four materials find wide industrial use as alkalizing 
reagents; sodium carbonate, sodium hydroxide, lime, and 
ammonia. Sodium hydroxide has several important advantages 
over the other three. Its high solubility and dissociation 
makes it possible to secure strongly alkaline solutions, and 
it is nonvolatile. Sodium hydroxide finds application in so 
many fields of human activity that any improvement in its 
production v;ould have a considerable effect on our culture. 
For this reason, new methods of production and improvements 
in the old methods are continually being advanced. This re­
search is one such attempt in v,'hlch it is sought to utilize 
the principle of exchange of ions on B. solid surface to con­
vert sodium chloride to sodium hydroxide in the form of a 
solution ready for use. 
The ion exchange phenomenon, although known for one 
hundred years, has only recently begun to be applied in fields 
other than water softening. Its application to the manufacture 
of chemicals is an activity that is relatively unexplored. 
B. Methods of Sodium Hydroxide Manufacture 
Sodium hydroxide is made commercially either by double 
decomposition of sodium carbonate and lime or by the electrol­
ysis of salt brine. 
Sodium carbonate v^as found by the ancients in natural 
deposits and a small portion of our output is still obtained 
in this way. Artificial production of soda ash was first 
accomplished in 1793 by the Le Blanc process Fhlch utilized 
common salt, sulfuric acid, and limestone as raw materials. 
However, due to its large fuel consumption, the impurity of the 
product, and the large amount of solids handling, the Le Blanc 
process was gradually superseded, around 1888, by the Solvay 
process which obtains sodium carbonate by treating salt brine 
ifith ammonia and carbon dioxide -frith subsequent recovery of 
the ammonia (6?)* 
At present, less than one third of the sodium hydroxide 
produced is obtained from sodium carbonate, the larger portion 
being produced by the electrolysis of salt brine. Electrolytic 
caustic became commercially Important around 1900 and surpassed 
chemical caustic in production in 193? (100). 
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Varlous other methods for the production of eodlum hydroxide 
have been proposed from time to time "but none of these have gained 
commercial prominence. A partial list is given belov/: 
(1) 2 NaCl + il- PbO + E20-^Z NaOH + 3 PbO.PbClg 
(2) 2 NaOl + ^  ZnO + HgO -^2 NaOH + 3 Zn0.2nCl2 
(3) NagS + 2 O2 + HgO —i-2 NaOH + Na2320^ 
(4) NaOl + KF —^-NaF + KCl 
2 NaF + 0a(0H)2—NaOH + G&F^ 
(5) NagCO^ + FegO^ B50°G NagO.FegO^ + COg 
NagO.FegO^ + HgO—2 NaOH + Fe20^ 
(6) NaNO^ + Fe20^—i^Ka20.Fe20^ + NO^ 
^®'2®*^®2®3 ^2® —^2, NaOH + Fe20^ 
The ion exchange method of producing sodium hydroxide, 
which is described on page 6, was first proposed by Dr. 0. R. 
Sweeney (135) in 1916 and u patent (66) based on this sugges­
tion was obtained. In 1933 was suggested (43) that sodium 
hydroxide of a strength suitable for cooking vegetable materials 
could be obtained by this method. However, except for a few 
tests performed by Moses and Benson (20) in 19^0, no experimental 
vTOTk on this process has been reported. 
(96) 
(96) 
(108) 
(37) 
(158) 
(78) 
C. Description and History of Ion Exchange 
Ion exchange may be defined aa a reversible interchange 
of ions between a liquid phase and a solid body v;hich does not 
involve any radical change in the body structure. Although the 
mechanism of the process is still in doubt, the final result is 
that of a double decomposition reaction in T-.'hich one of the 
iona is in the form of a solid, but is nevertheless active in 
the reaction. 
Oation exchange is exemplified by a reaction such as the 
following, in which R represents the solid anion; 
MgOlg + 2 KaRg—^MgR + 2 NaCl 
The solid is known as the exchanger and the reaction is brought 
about by passing a solution of magnesium chloride through a 
bed of the sodium loaded exchanger, the effluent being a solu­
tion of sodium chloride. During the flow the solution has 
replaced the sodium on the exchanger by magnesium. 
Anion exchange can take place in an analogous manner, but 
in this case the solid is a cation and the process may actually 
be acid adsorption rather than anion exchange. 
The phenomenon of ion exchange, as it is understood at the 
present time, is fully discussed in Part II. Its history will 
be traced briefly in the follov/lng paragraphs. 
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The discovery that soils have the power of exchanging 
cations vrith solutions was the outgrowth of observations dating 
back to the remote past. The first quantitative measurements 
were made by Thompson and reported by v/ay (153) who, in 1850, 
clearly showed that cations in the solution were exchanged for 
cations in the soil when solution and soil were brought into 
contact. In the period between 1850 and 1900 almost all of the 
investigations on ion exchange were conducted by soil chemists 
who were interested in its effect upon soil fertility. The 
chief exchange material in soils was found to be the hydrated 
alumino - silicate clay. Artificial alumino - silicates v;ere 
also shovm to have ion exchange properties and found industrial 
application in water softening. Later work showed that a rather 
wide variety of materials could exhibit cation exchange properties. 
These included greensand, casein, the so-called humic acids in 
soils, and sulfonated peat, lignite and coal. 
In 1935» Adams and Holmes (1) showed that cation exchange 
could take place on synthetically produced organic resins of 
the phenolic type. They also produced amine-formaldehyde resins 
xirhich are capable of adsorbing acids from solution. The ef­
fectiveness of these resinous cation exchangers was later im­
proved by sulfonation, and recently both carboxylated and sol-
fonated polystyrene types of resin, showing high exchange 
capacity and high chemical resistance, were produced. These 
improved resinous exchangers have found use in such applications 
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as reniovG.1 of undesirable iiapurities from solution, separation 
of raetals, catalysis, and recovery of valuable substances from 
very dilute solutions. The application of these new resins to 
the production of sodium hydroxide solutions is the purpose of 
this research, 
D. Description of proposed Process for Sodium 
Hydroxide Production by Ion Exchange 
In this process eodiusi chloride is converted to sodium 
hydroxide and hydrochloric acid, in the course of which 
strontium hydroxide Is used as an intermediate substance, much 
as amiiionia is used in the Solvay process for soda ash. The 
process may be delineated briefly in three essential steps. 
Let the symbol, R, represent the solid resin to which replace­
able cations may be attached. The resin v/ill first be assumed 
to be saturated with sodium ions as designated by the symbol 
NaH. 
Step 1. Pass strontium hydroxide solution through 
a bed of the sodium loaded resin. The reaction is: 
Sr(0H)2 + 2 NaR—^2 NaOH + SrR2 
The strontium ions remain on the resin while the effluent 
contains the sodium hydroxide product. 
Step 2. Pass sodium chloride solution through the 
resin bed. The reaction is; 
2 NaOl + SrRg—^SrOlg + 2 NaR 
The resin la thus regenerated vrlth sodium ions and the 
•effluent contains strontium ohloride in the pref?ence of 
excess sodium chloride. 
Step 3. Separate the strontium chloride from the 
solution and calcine it in the presence of steam. The 
reaction is: 
3rCl2 +2H2O Sr(0H)2 + HCl 
The strontium hydroxide is recycled for use in Step 1 
while the hydrogen chloride ia condensed v;ith the excess 
steam to give a solution of hydrochloric acid. 
A simplified flow sheet illustrating the three essential 
steps is given in Figure 1. Compare this v/ith the final de­
tailed flow sheet (p. 169) which was derived from information 
based on the experimental data. 
It will be observed that the overall reaction for the 
process is: 
NaOl + HgO —> NaOH + HCl 
that is, the process is an indirect means of bringing about the 
hydrolysis of sodium chloride into sodium hydroxide and hydro­
chloric acid at a temperature that is industrially available 
and considerably lower than that required by the direct hydrol­
ysis of sodium chloride. This direct reaction has intrigued 
chemists for over a century and has been the basis of consider­
able experimental Tirork and mudi discouragement (68). 
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Fi.^. 1. Simplified schematic flov; sheet for production of 
sodium hydroxide by ion exchange. 
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E. Advantages of the Proposed Process and Field of Use 
Sodium hydroxide, as made commercially by either the chem­
ical process from soda ash or by the electrolytic process from 
salt brine, is produced in about a ten per cent solution on a 
large scale. The solution is concentrated to fifty per cent 
or to the solid state and shipped to users who generally re-
dilute the solution to the required concentration. It can be 
seen that there is a field of use for a small scale plant that 
can produce pure dilute sodium hydroxide solution where needed 
and thus save the cost of concentration and shipping and the 
inconvenience of redilution. 
Uses of sodium hydroxide solutions with concentrations of 
only a few per cent can be found in a number of industries. 
These include the kiering of cotton textiles, bottle washing 
in breweries, dairies, distilleries, and the beverage industry, 
production of sodium hypochlorite bleach, regeneration of anion 
exchangers, cooking of vegetable materials, neutralization 
operations in oil refineries, purification of vegetable oils, 
water softening, and adjustments of pH in solution (109) (^0) 
(28) (122) (128). 
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II. LITERATURE REVIEU ON ION EXCHANGE 
Numerous papers on ion exchange have appeared in the past 
ten years and the number is multiplying rapidly. Various re­
views have been presented from time to time (73) (60) (81) 
(82) (157) (10^) (116) (150) (6) (10?) (119) in which both the 
theory and applications are discussed. However, these reviews 
are for the moat part rather general in nature and are not 
particularly suited for the purpose of this thesis. For this 
reason, a rather complete survey v/as made in which all original 
papers pertaining to this problem were carefully scrutinized 
for data which could throw light on the observations reported 
in Part III. This material, therefore, serves as background 
information on the nature and mechanism of ion exchange with 
special emphasis on exchange in concentrated basic solutions. 
In addition, information on exchanger properties is dia-
cussed to enable selection of suitable exchangers for test. 
A. Structure and Properties of Exchange Materials 
Ion exchange materials may be classified as organic and 
inorganic (150). The organic excliangers include; 
1. Humic acids in soils. 
2. Proteins, especially casein. Wool adsorbs acid dyes. 
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3« Lignite, peat, and bronn coal. The exchange capacities 
of these materials can "be increased toy mild oxidation, dehydra­
tion or sulfonation. 
4. Bituminous coal, x;hich can be sulfonated to give a 
good cation exchanger. It is resistant to acids but shows a 
tendency to peptize in alkaline solutions. 
5. Synthetic resins. 
a. Oateohol-fornialdehyde resins. 
b. Tannins, lignin sulfonic acid, and casein, which 
can be condensed v/ith formaldehyde to give insoluble 
resins with cation exchange power. 
c. Sulfonated phenol-formaldehyde reslna. 
d. Polystyrene resina, vrhich can be sulfonated to 
give cation exchangers. 
0. Polyalkyl acrylate resins, which can be partially 
saponified to give a carboxylic resin cation 
exchanger. 
f. Aroaatlc amlne-formaldehyde resins, v/hich behave 
as adsorbers of strong acids. 
g. Resins containing quaternary amino groups or 
guanldlno groups v/hich are capable of adsorbing 
very weak acids or of exciianging anions (30). 
The inorganic exchangers include: 
1. Zeolites. These are alumino-silicate crystals con­
sisting of tetrshedra arranged so as to allov channels throu^ 
which water and exchange ions can easily pass. 
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2. Scapolitea. These minerals can exchange both oatione 
and anions. Their formula is Na Al^^Si^O^g^^* 
3. G-reenaand. The main constituent is the mineral 
glauconite, a hydrated iron and potassium gilicate. This 
material is highly permeable to ions vhich diffuse between the 
crystal units rather than vrithln them as in the case of zeolites. 
4. Montmorillonite. Thin is a clay mineral of the alumino-
silicate type. It is made up of flat plates betv/een vhich the 
spaces are large enough to admit small cations such as sodium 
or calcium but not the larger cations like Quaternary ammonium 
lone. 
5. Apophyllte. This mineral is similar to montmoril­
lonite but contains no aluminum. This shovs that aluminum is 
not necessary for cation exchange. 
6. Phosphate rock. This consists of micro-crystals of 
a,patlte CaFp.3C!a2PO^ which exhibit anion exchange. Hs.logen 
ions can be exchanged for other halogen ions and for hydroxyl 
ions. 
7. Synthetic gel tyj^e alumino-sillcates. These are 
amorphous, porous solids vjith pore diameter of k ov ^ % as 
compared x;ith 50 to 60 %. for silica gel or cocoanut charcoal. 
The pores are smaller than in crystalline zeolites, yet they 
exchange their Ions much faster. This may be due to veaker 
binding of the ions to the synthetic gels. This agrees Fith 
the fact that the synthetic gels show a higher electrical 
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conductlvlty. V/hen heated to redness, they sinter and lose 
practically all their exchange capacity. 
Cation exchange bodies are commonly considered to be gel­
like structures bearing fixed negative charges, with mobile 
positive ions distributed through the gel cavities (151). The 
exchangeable cations are held on or near the surface of the 
solid. In most ion exchange reactions the amount and overall 
chemical composition of the solid phase are not greatly altered. 
Thus the process is roughly distinguished from ordinary chemical 
reactions involving solids and solutions. The principles govern­
ing the process seem to be similar for all kinds of materials. 
The exchangeable cations are held mainly by electrostatic 
forces (?3). 
In order to be an ion exchanger a material must not only 
be studded vrith active points on which ions are held but must 
also be so constructed molecularly that channels permeate the 
entire structure, permitting ions accessibility to practically 
every active point in the mass (150). In the case of the in­
organic silicate exchangers such as raontmorillonite clays, the 
source of the negative charge v/hich attracts exchangeable 
cations is believed to be "Isomorphous replacement" (65). By 
this is meant the substitution of a divalent atom, such as 
magnesium, for a trivalent atom, such as aluminum within the 
crystal lattice. Such a substitution is possible because of 
the similarity of the space requirements of the two atoms but 
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it results in a deficiency of one positive charge per atom in 
the lattice. This gives the crystal lattice a negative charge 
near each substitution and it is this charge v/hich attracts 
positive ions from solution. The framework of atoraa in the 
crystal is such that large spaces exist among them and these 
spaces are connected by channels in such a manner that v/ater 
can easily pass through them. In this way the cations in the 
water solution have access to every negative charge in the 
crystal. 
In the case of the organic resinous type of cation ex­
changer, such as the sulfonated phenol-formaldehyde type, the 
source of the negative charge which attracts cations from 
solutions is a definite anionic radical. This is bound to the 
resin structure by covalent chemical bonds and is therefore 
firmly fixed to it. The anionic radicals are generally the 
carboxyl, sulfonic and phenolic groups, all of v^hich have acidic 
properties when hydrogen ion is the cation. The exchanging 
groups responsible for the adsorptive capacity of the resin 
are known from X-ray diffraction data to be dispersed randomly 
throu^out the interior of the solid (25). The resin structure 
must be regarded as an organic gel in which water of gelation 
is a vital structural element (12'^'). Removal of this water 
as by excessive drying results in a greatly lowered adsorptive 
capacity. The loss, hov;ever, is not irreversible for upon 
prolonged soaking in water the adsorbent slowly regains its 
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exchange capacity. The gel structure must be fairly open since 
the exchanging groups in the interior seem freely accessiMe. 
The resinous structure is cross linked in three dimensions, 
but in spite of this there is appreciable elasticity so that a 
sizable swelling or shrinking occurs vhen the concentration of 
the electrolyte outside the resin varies widely. 
The resinous exchangers offer the advantages over the in­
organic silicate exchangers of a higher exchange capacity, 
higher exchange velocity, better stability to acids, alkali, heat 
and mechanical pressure, and uniformity of product (101). The 
silicate lattice suffers a strain during the exchange of a 
heavily hydrated Ion for one less hydrated, and disruption 
often occurs after a period of use. But the flexible structure 
of synthetic resins readily permit exchange of a large Ion for 
a small ion without disruption of the resin lattice. In the 
following paragraphs, some of the synthetic ion exchange resins 
that are produced commercially are described briefly. 
Dewex - 30 (also knovm as Dow MX) is produced by the Dow 
CJheraical Company (16). It is a condensation product of 0- and 
p- phenolsulfonic acid with formaldehyde xvhose structure may be 
represented by the formula 
OH 
SO^H 
X 
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The resin is produced in the form of hard block granules of 
irregular shape with screen size of aboiit 20 mesh. In its wet 
form it weighs 50 pounds per cubic foot and contains approx­
imately 55 per cent moisture. The density of the wetted 
granules is I.30 and of the dried granules, 1.6?. An operating 
bed of the resin contains about 38 per cent free space. The 
resin contains phenolic groups and nuclear sulfonic acid groups, 
both of which possess ion exchange activity. However, the 
phenolic groups become active only at pH values above 9.5» 
the conversion to the phenote salt being very slow belov; pH 
11.5. The nuclear sulfonic acid groups are stable to hydrolysis 
at elevated temperatures in the presence of either acid or 
alkali. Some softening of the particles and loss in capacity 
are obtained in sodium cycle operation at combined high pH and 
high temperature. The resin, because of its highly cross 
linked structure is insoluble in all organic or inorganic liquids 
and is infusible. Decomposition of the dry acid form starts 
at about 200^ 0. 
Amberlite IRG-50, produced by the Resinous Products 
Division of Rohm and Haas Company (118) is a synthetic cation 
exchange resin produced in the form of v/hite, opaque beads of 
about 30 or Uo mesh screen size. In its wet form its density 
is ii-0 to 48 pounds per cubic foot but it swells by 55 per cent 
in transferring from the hydrogen form to the sodium form. The 
free space in a resin bed is 35 to 40 per cent. 'The resin 
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poBsesses only one kind of functional group, the carboxyl group, 
which has a strong affinity for hydrogen ions, that is, it is 
a v;eak acid. The rate of exchange and the resins affinity for 
hydrogen ion are increased as the temperature is elevated. The 
resin is stable in the presence of strong alkalies and acids, 
organic solvents, and oxidizing and reducing agents. The 
hydrogen form can be converted to the sodium form by leaching 
vith 4 per cent sodium hydroxide. In the sodium form, the resin 
undergoes reactions typical of the salt of a veak acid and 
strong base. 
Dowex 50 (Dow HCR), produced by the Dow Chemical Company 
(17) (63) is a polystyrene resin containing nuclear sulfonic 
acid groups as the sole active group, and is stable to strong 
acid, strong alkali, and oxidizing agents even at elevated 
temperatures. It is produced in the form of amber-colored 
spherical particles of about 20 mesh screen size. In the wet 
form its density is about 5^ pounds per cubic foot. The resin 
probably has the structural formula 
j^—0H2-0H-
SOf Na"^-U V 
In the sodium form the resin undergoes reactions typical of 
the salt of a strong acid and strong base. 
The foregoing three resins were described in some detail 
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becauae they are the ones selected for experimental test in 
the production of sodium hydroxide as described on page 128. 
They are representative of the most recently developed resins 
and show higher exchange capacity, greater resistance to caustic 
solutions, and longer life than previously used organic or in­
organic exchangers. Other commercially produced resins of the 
same types as those described are made by competing firms. 
Thus amberlite IRC-120 (118) is similar to Dow HGR; and amber-
lite IRIOO (118) and Wofatit K (157) ai'e similar to Dovr I€5C. 
A complete list of coraraerciall;/ available ion exchangers is 
given by Nachod (10?). 
B, Exchange Capacity 
Generally, exchange capacity is taken to mean the number 
of grara-milliequivalents (m.e.) of a certain cation vihich 1 
gram of air dried exchanger is able to adsorb at a pH of 7.00 
in the final external solution (157)• Some Investigators (95)• 
however, consider exchange capacity to be the m.e. of base added 
to the hydrogen form of the exchanger when the midpoint of the 
titration curve is reached. Still others, in recognition of 
the fact that the exchange capacity varies somewhat v/ith the 
concentration and the type of cation as well as vrith pH, prefer 
to give the capacity at any conditions and then specify the 
conditions. This latter procedure is probably to be preferred. 
The exchange capacity of the sulfonated phenol-formaldehyde 
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type resin is independent of the pe.rtlcle size but is strongly 
dependent on the pH of the solution. The capacity increases 
i;ith the pH presumably due to the fact that the phenolic OH 
grouijs are not active until the pH is raised above a certain 
value (12^). Thus the removal of sodium ion from solution by 
a hydrogen a&turated resin v/as found to "be much more effective 
v;hen sodium carbonate or sodium hydroxide was employed than when 
sodium chloride was treated (I03). The exchange capacity at 
pH-5 agrees with the number of -SO^^H groups as found by sulfur 
analysis (157). At higher pH the capacity is as much as 75 
per cent greater, indicating that other functional groups, 
such as phenolic OH, are being used (106). Thus, for example, 
the exchange capacity of a hydrogen saturated exchanger was 
1.^!'7 m.e. per gram Kith sodium cl-iloride solution, 2.22 m.e. 
per gram vith sodium carbonate solution a-nd 3.18 m.e. per gram 
with sodium hydroxide solution (103). 
The increase in the capacity of an exchanger, which is 
originally saturated v.^lth hydrogen ions, as the pH is raised, 
is readily explained by the fact that the anions of v/eak acids, 
such as carbonate or hydroxyl ions, remove active hydrogen ions 
from solution. This causes more hydrogen ions to leave the 
exchanger and be replaced by sodium ions or other cations, thus 
exhibiting a higher exchange capacity. However, there is 
evidence that factors other than pH come into play. Thus in 
experiments on alumino-sillcate exchangers (150) the nature of 
"•20' 
the anion m&s found, to affect the cation exchange of calcium 
for potassiuni although the hydrogen ion was not involved. The 
calcium-saturated alumino-silicate exchanger, v;hen treated 
iiTith solutions of potassium salts of different anions, showed 
increasing exchange capacity as the anion of the potassiiiin salt 
was varied in the order 
CNS- < 102" < I" < CIO3- < < 01~ < 304= < Cr04= < Fe(GN)g=. 
The exchange was the greater, the more hydrated the anion, and 
the effect of the anion was the greater, the more hydrated the 
cation. The effect is ascribed to the dehydration of the dis­
solved cations hy the anions. The relative exchange powers of 
different cations are believed to be largely governed by their 
affinities for the solvent. 
The anion may also affect the cation exchange capacity 
through its influence on solubility. Thus, ultramarine (an 
alumino-sllicate exchanger containing sulfur) after being 
saturated v/ith silver ions, was treated vi^ith solutions of the 
chlorides of the alkali metala in one aeries of tests and with 
the iodides of these same metals in another series of tests 
(70). The substitution of silver ions by the alkali metal 
ions proceeded, in all cases, appreciably farther when using 
iodides than v/hen using chlorides. This increase in cation 
exchange capacity waa attributed to the fact that silver iodide, 
being less soluble than silver chloride, reduces the silver 
Ion concentration in solution. This in turn causes more silver 
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ions to leave the resin to be replaced by alkali ions, thus 
sho'i/ing a higher exchange capacity. 
A comparison of the exchange capacities of the various 
knoxfn cation exchangers is difficult because of the v;ide varia­
tions even v/ith the same exchanger, depending on conditions as 
described above. Furthermore, the exchange capacity of a resin 
bed in actual operation is considerably less than that determined 
by eo.uilibrium studies, since in operation no attempt is made 
to reach equilibrium. Nevertheless, for the sake of at least 
a rough comparison, an attempt -^/as made to adjust reported 
values of exchange capacities to a common basis. These values, 
presented in Table I, are equilibrium values in neutral solu­
tion. Operating values are generally about one third of the 
equilibriiua values, although this depends on the exchange rate 
and flow rate. 
C. Adsorption of Hydroxides by Cation Exchangers 
During cation exchange, the anions are considered to re­
main in the external solution and to play no significant role 
in the mechanism of exchange. However, if the anion is the 
hydroxyl ion, it is found that a substantial fraction of the 
anions is adsorbed on the exchanger along v;ith the cations. 
This phenomenon has not been extensively investigated although 
a number of workers have reported it and have offered some ex­
planations. 
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Table I 
Rels's.tive Exchange Capacities of Cation Exchangers 
Exchange material Exchange capacity 
m.e. per gram 
Reference 
Synthetic alumlno-slllcate 
Montmorillonlte 
Q-reensand 
Casein 
Sulfonated coal 
Sulfonated phenol-
formaldehyde resin 
Sulfonated polystyrene 
resin 
Carboxylated resin 
0.5 
0.5 
0.2 
0.7 
0.8 
operating 2.0 
operating 3.4 
8.0  
Oatechol-forra&ldehyde resin 11.0 
(16) (150) 
(150) 
(16) 
(150) 
(150) (16) 
(103) (16) 
(157) (58) 
(17) (118) 
(118) 
(150) 
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Way (153) ^ .iscuased the quesstion as to vrhether there v/aa 
a total absorption of hyrlroxides on cl&ys. It was his opinion 
that the whole molecule was absorbed. 
Wiegner (156), working vith clays, was of the opinion 
that total absorption plays a omaller part than had usually 
been assumed. Very often the disappearance of caustic soda, 
ammonia, and other bases from solution may be exT";lained by 
saying that hydrogen ions in the gel are neutralized by hydroxyl 
ions and that the cation of the hydroxide takes the place of 
the hydrogen. 
Tuorila (IA'4) has shov-n that adsorption of hydroxyl ions 
can take place on clays without neutralization by hydrogen ions, 
but Wlegner believes that such adsorption plays a negligible 
role. To show this i^llegner (15^) performed the follov/ing ex­
periment; Sodium perrautite was treated with potassium chloride 
solution ani vlth potassium hydroxide solution. Also, potassium 
permutlte vaa treated v?ith sodium chloride solution and ••.'•ith 
sodium hydroxide solution. In both cases, potassium and sodium 
vere exchanged in equivalent amounts and neither potassium 
hydroxide nor sodium hydroxide disappeared by total adsorption. 
Akeroyd and Broughton (3), working t^'ith synthetic resins 
of the cateohol-formaldehyde type (not sulfonated) studied the 
adsorption of calcium hydroxide, barium hydroxide, sodium 
hydroxide and trimethyIbenzyl ammonium hydroxide. They brought 
0.27 gram of resin in contact Kith 500 c.c. of .02 N base and 
found that rate of adsorption obeyed the equation 
— ss 
m 
Inhere x/m ts -fche adsorption in milliequivalents of base per 
gram reain, t is the time of contact in hours, and k and n are 
constants. Their data are given in Table II. 
Table II 
Constants for the Adsorption of Bases on Phenolic Resin 
Base k n 
Equilibriiim adsorption 
(3 months) 
millimols per gram resin 
NaOH 5.09 .17 lip.O 
0a(OH)2 11.9 .12 13.6 
Ba(0K)2 9.17 .16 13.^ 
(CH3)3(Cj5H3CH2) 
HNOH 2.92 .21 8 , 6  
It will be noted that both the rate of adsorption (k 
values) and the equilibrium values are lower for the large 
organic molecule than for the inorganic molecules. This may 
be ascribed to lower mobility of the organic molecule and to 
sterio hindrance; i.e. the large organic molecule has more dif­
ficulty moving about in the interstices of the resin than do 
the sflialler inorganic molecules. 
It is significant that in terms of millimols per gram, 
the equilibrium capacity is roughly the same for calcium hy-
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droxiSe, b&rlum Jiyclroxide and coAlum hydroxldo, whereas In 
terras of njllliequivalentG per ^ram, the capacity of the resin 
for adsorbing calcium hydroxide and barium hydroxide Is about 
double that for sodiura hydroxide. This is a strong indication 
that the adsorption is molecular rather than ionic in nature. 
It 13 believed that the base ia adsorbed by virtue of direct 
cheir)lc&l reaction with the phenolic groups of the resin, thus; 
Ca(0K)2 + H-0«H R-O-Ga-OH + HOH 
where R-O-H is the reain structure presentinr phenolic groups 
to the solution. This reaction is rather slow, follov/lnsj the 
exponential function ,R:iven and requires about 3 laonths to reach 
equilibrium. 
Kvidence for this chemical reaction hypothesis is as 
f ollov/9: 
1« Calculation of the theoretical amount of adsorption 
based on the molecular velg^ht of the resin unit checks the 
actual amount of adsorption of base. 
2. Mono-, dl-, and trl-hydroxy phenols adsorb bases 
roughly in the molar ratios 1:2!3* 
3. Non-phenolic reains, such as ^lyptal or vinylite, do 
not adsorb bases. 
4. Calcium sulfate is not adsorbed by the phenolic resins, 
indicatinj?: that the hydrogen on the veakly acidic phenolic 
gjroup is active only at high pH. 
5» Increased polyiaeriKation decreases the amount of base 
adsorbed. 
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Beaton and Purnas (19) in a study of the Gu H exchange 
on a sulfonated phenol-formaldehyde resin noted that at low pH, 
the exchange capacity of the resin was equivalent to the sulfur 
content, i.e. exchange took place entirely on the sulfonic acid 
groups on the resin, which amounted to 2 m.e. per gram resin. 
But at high pK, the exchange capacity rose to as high as 6 m.e. 
per gram resin. In explanation of this, the follov-ing sug­
gestions were made: 
1. Hydration of the resin units takes place in such a 
manner that hydrogen ions from the attached water molecules 
are made available for exchange at high pH. Such behavior is 
possible in colloidal dispersions, and the resinous exchangers 
in many respects "bphave as colloidal systems. 
2. At high pH, (CuOH)"*" ion may be the exchanging ion 
rather than Cu"^"''. Since each equivalent of (GuOH)"^ ion con­
tains two equivalents of Cu, the exchange capacity based on 
the copper analysis vrould be double the true exchange capacity. 
However, this explanation is not sufficient since the observed 
Increase in capacity was as much as threefold. 
3. Other active groups such as phenolic OH contribute to 
a higher exchange capacity at higher pH. V/alton (151) • In a 
study of the Ca — H equilibrium on Zeo-Karb, a sulfonated 
coal type resin, found that the Intalce of calcium ion by the 
resin increased v;lth pH of the solution up to surprisingly 
large values, without showing any sign of reaching saturation, 
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a quite unexpected result. As far as could be judged by com­
paring the final pH with the composition of the original solu­
tion, hydrogen was being released in quantity equivalent to the 
calcium taken in. The conclusion was drawn that a good pro­
portion of the exchangeable hydrogen must be bound to an acid 
of very low dissociation constant to account for the great In­
crease in hydrogen replacement and uptake of calcium at high 
pH. If the dissociation constant of this acid could somehow 
be increased, this would greatly increase the capacity of the 
resin. 
Bower and Truog (2k) found that the exchange capacity of 
a clay in terms of ra.e. per gram clay, was a function of the 
valence of the cation used. In general, the higher the valence 
of the cation, the higher was the apparent exchange capacity 
of the clay. Results obtained with monovalent cations were 
in good agreement, while those obtained with polyvalent cations 
gave increasingly higher values with decrease in strength of 
base which the respective cations form. 
These results were explained by the formation of basic 
exchange salts by hydrolysis. Thus, magnesium acetate solu­
tion, at a pH of 7, v;ill partially hydrolyze as follows; 
Mg(Ac)2 + 2H0H -^Mg(0H)2 + 2HAc 
Part of this magnesium hydroxide will then react with the clay; 
Mg(0H)2 + H-clay clay-MgOH + HOH 
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In this latter reaction, only one equivalent of (MgOH)"^ is 
adsorbed on the clay, but in calculating the exchange capacity, 
each atom of inagneslum is assigned tx-^o equivalents so that the 
apparent capacity la higher than the true capacity. The same 
phenomenon occurs with calcium, but since calcium hydroxide is 
a stronger base than magnesium hydroxide, there is less hy­
drolysis of calcium salts in solution and consequently less 
adsorption of (CaOH)"^ ion by the clay to form the basic exchange 
salt. Consequently the apparent exchange capacity for oalcixim 
will be less than for magnesium. Table III gives the excl-iange 
capacity of a clay determined for cations of varying valence. 
Table III 
Effect of Valence on Cation Exchange Capacity 
Cation Exchange capacity 
ra.e. per gram 
NHJ[^+ 1.167 
Oa++ 1,266 
Mg++ 1.31^ 
2.280 
Fe+++ 3.060 
3.550 
The basic exchange salt hypothesis is supported by the 
fact that 'vvhen exchange capacities are measured using 99 per 
cent methanol in place of v;ater as solvent, the values for mono-
di-, and trivalent cations are all the same. This is because 
in alcoholic solution, hydrolysis of the salt cannot occur and 
the basic exchange salt cannot form. 
Elgabaly and Jenny (^3) found that when 100 grams of a 
bentonite clay saturated vrith calcium ions was treated vith 
sine chloride solution, the final equilibrium distribution of 
ions on the clay surface was as follovrs: 
Oa++ 10.5 ra.e., Zn"^"*" 52-5 m.e., (ZnOH)+ 11.5 ra.e,, 
(ZnCl)+ 17.5 m.e. 
Thus these authors postulate not only the adsorption of (ZnOH)"*" 
ion "but also that of (ZnCl)"*" ion. 
The release of zinc from zinc clay by sodium chloride and 
calcium chloride is restricted mainly to divalent zinc. 2he 
clay shows a strong selective adsorption of the monovalent 
complex ion (ZnOH)"*", over the divalent zinc ion, Zn"^"*". 
/.inc clays possess pronounced anion exchange properties. 
The anions CI"", OHT, and NO^" are mutually replaceable. The 
hydroxyl ion is held more tightly on the clay than either the 
nitrate or the chloride ion. 
To explain these facta, Slgabaly and Jenny visualized 
the ions on the clay surface as follows: 
po­
part id e 
Clay 
kznOH)"*" -«• 
l(2nCl)+ 
TDarticle 
Clay 
Zn'^'^jOH 
Zn++1 CI 
pH>7 pH < 7 
The right hand picture satisfies the requirement of 
simultaneous cation and anion exchange which is found to take 
place at pH less than 7' The left hand picture seems to be 
favored in alkaline systems. For example, from zinc clays, 
sodium hydroxide will replace all the zinc In the adsoi^stion 
layer, whereas sodium chloride will displace only divalent zinc. 
This indicates that zinc in the inner layer is not readily re­
placeable near and below the neutral point. 
Accordinfy to V/alton (150), if a synthetic alumino-silicate 
containing barium ions is shaken with small amounts of sodium 
hydroxide solution, barium is exchanged for sodium but at the 
same time hydroxyl ions are adsorbed from solution, the ad­
sorption being the greater, the greater the valence of the 
cation in the exchanger. 
prepared by leaching the clay v/ith zinc chloride solution, 
D. Equilibrium Relations 
Many attempts have been made to find a quantitative rela­
tion connecting the relative amounts of the ions in solution 
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and on the exchanger after equilibrium has been reached. A 
general equation of this kind v/ould be useful in predicting ion 
exchange behavior in practical applications and would also 
indicate the mechanlBm Involved. However, no such general 
relation, applicable to all cases, has been developed. The 
problem has been approached from both the theoretical and the 
empirical point of view and a controversy as to whether the 
mechanism is adsorption or mass action has been raging since 
the days of Lleblg. The various investigators have presented 
their individual equations with highly diversified nomenclature 
and concepts, often vjith inadequate description of the units 
used. In order to compare these equations, the writer has 
transformed all of them to a single consistent nomenclature and 
to a viniform arrangement. 
The case in which the most disagreement occurs and v;hlch 
is of greatest interest in this investigation is that in which 
a divalent cation exchanges v/ith a monovalent cation. Let a 
solution of volume v c.c. containing B'Q m.e. (milli-equivalents) 
of the divalent cation be brought in contact V7ith m grams of 
exchanger containing m.e. of the monovalent cation. After 
equilibrium is reached the outside solution contains Bq m.e. 
of the divalent cation and Aq of monovalent cation 
while inside the exchanger there are m.e. of the divalent 
cation and Ai m.e. of the monovalent cation. The reaction is: 
Bq + 2Ai"~*' Bji^ 4- 2Ao 
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Let k and n be arbitrary constants. Ufsinp; thia nomenclature, 
the equilibrium equations are as given in Table IV. 
Table IV 
•Equilibrium Equations for Sxchange beti-reen Divalent 
and Monovalent Cations 
No. Eaji! ation Meohanisffl Author Heference 
1 k - Bi adsorption Freundllch W )  
BiBg 
2 k =s Bl 
1 0 
adsorption Langmuir (8?) 
3 
if 
Tf — Bi adsorption 
mass action 
Vageler 
Kerr 
{148) 
(7^0 k = 
-^-i^o + 
BiA§ 
' 
BiAi 
Al + Bi 
V 
5 k = 
BiA§ 
AfB • 
2Aj^ + Bj^ 
2 V 
mass action Vanselow (149) 
6  k a BiAg 
4^ 0 ' 
V 
displacement 
probabilities 
Davis (3^) 
7  k = . 2^1 + Bi 2 v^ empirical Hothraund (121) 
6  k == St "• • •>' laass action Beaton (19) 
It V7ill be noted that no two of the eight equations given 
can be considered as equivalent. I'he varioiia laass action equa­
tions differ amonf- themselves as much as they differ from the 
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adsorption equations, v/hich also differ among themselves, so 
that there is no reason to favor one mechanism over the other. 
Each author has presented data covering limited ranges of con­
centrations and solution volumes in support of his equation. 
However, v/hen the equation is applied to v/ider ranges the 
constant k is no longer constant, indicating that the equation 
is not valid. The apparent validity of such a 7^ide variety of 
equations, in limited ranges, to the same phenomenon may perhaps 
be traced to tha following factors: 
1. The equilibrium relation Biay vary vith the nature of 
the exchanger. 
2. The introduction of a second empirical consts-nt such 
as n in Equations 1 and 7 is s.n artificial means of fitting 
the equation more closely to the data. The less empirical 
constants an equation contains, the more useful and significant 
it becomes. 
3. Errors in the chemical analyses may be of such a 
magnitude that the variations in k are about the same for each 
equation so that the superiority of one equation over another 
cannot be decided. 
It is very probable that ion exchange is neither an ad­
sorption nor a mass action phenomenon. In the case of pure 
adsorption, the solid phase contains active unsaturated points 
to v;hich ions from solution can attach themselves and satisfy 
the unsaturation. But in the case of ion exchange, the active 
spots are not unsaturated points. Instead of satisfying an 
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unsaturated position, an ion in solution must displace a second 
ion already on the solid, and the tendency of the latter ion 
to leave the solid will depend on its concentration in solution. 
These facts are not consirlered in the adsorption equations. 
On the other hand, the mass action equation assumes a 
cheraica.1 reaction to take place betvreen the solution and the 
exchanger. If the concentration of each constituent in the 
outer solution is expressed as m.e. per o.c. of solution and 
th.at inside the exchan.^er as m.e. per gram exclianger, Equation 
ii- is obtained. This equation is among those that show the 
poorest agreersent x^^ith experiment (35) • In Equation 5» 'fehe 
concentrations in the outer solution are expressed as m.e. per 
o.c. of solution, hut the concentrations of the ions in the 
exchanger are expressed as raol fractions of the total number 
of mols of both ions in the exchanger. Equation 6 is not the 
ordinary mass action equation of Guldberg and V'aage but is 
derived from an analysis of displacement probabilities (3^)' 
It will be noted that the exchange capacity, (A^ + Bj|_) in 
Equation h is replaced by + B^/2) in Equation 5 s-^d by 
in Equation 6, the other terms being identical. Equations 
5 and 6 generally are more applicable than Equation but both 
show some deviation in k irhen applied over wide ranges of 
concentration (35)• Equation 7 expresses the observed data 
more closely than any other equation (151)i but the presence 
of the extra empirical constant n invalidates its theoretical 
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signlfie<ance. Equation 8 w&a derived from data ototainsd on 
the Cu — H exchange (19). It is based on molecular rather 
than ionic reaction and is included here to illustrate the 
variety of form the equilibrium equations for ion exchange may 
ta.ke. The eight equations given were derived from data ob­
tained T'/ith both org?mic and inorganic exchangers. 
Tiie proponents of the mass action mechanism are certain 
that their equation would hold exactly if the "activities" of 
the various ions could be substituted for their concentrations. 
It should be pointed out that if the correct activity for each 
ion wre substituted into the mass action equation, the 
equilibrium constant would indeed be constant, but it would 
not prove that the raeclianism v;as mass action. For the mass 
action equation in temis of activities is derived as a mathe­
matical necessity froni the definition of activity and there­
fore does not express a physical law. Furthermore the activities 
are not directly measurable, as are concentrations. However, 
if the activity of each ion could be found as a function of 
its corresponding concentration, the m&ss action equation v/ould 
provide a simple means of relating? the concentrations of the 
various ions. The relation between activity and concentration 
is expressed in the form 
a = fc 
t^/here a = activity, c = concentration and f is the activity 
coefficient. The determination of the activity coefficients 
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of the ions Involved in s.n ion exchange reaction has proved 
to involve great difficulty. 
The activity coefficients of the ions in dilute solutions 
may be estimated from the Debye-Huokel theory (157); 
-log f = 0.5 fu u<0.01 
-log f = u<0.10 
1 + Ae iTu 
In these formulas f is the activity coefficient of a cation in 
the solution, Z is its valence, u is the ionic strength of the 
solution, A is a constant depending on the temperature and the 
dielectric constant of the solvent, and a is the sum of the 
radii of the hydrated cations and anions. These simple formulas 
are limited in their application. For solutions so dilute that 
u .01, f may generally be taken as unity anyhow, while for 
values of u between .01 and .10 it is necessary to find the 
constants A and a, which are generally unknown. For u .10 
no formula is valid. It is for this reason that nost in­
vestigators have conducted their equilibriuia studies in very 
dilute solutions. 
It is possible to construct tables of activity coefficients 
of salts aa a function of their concentrations as determined 
by cryoscopic or electromotive force measurements. The use 
of these tables is limited by the fact that the activity co­
efficient of a pure salt changes when another salt is added 
to the solution. Furthermore although the relation 
a ± = 
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is uB8d to determine the activity of an ion from the activity 
of its salt, the procedure is questioned by some authorities. 
Thus Davis (35) rejects the use of ion activity because it 
cannot be thermodynamically defined and exactly determined by 
experiment. In this connection, it is interesting to note that 
Marshall and Gupta (92) carried out direct potentlometric 
measurements of the activities of the cations Tl"^, and Ag"^. 
Using these values in place of concentrations they found that 
the constancy of the equilibrium constant k was improved in 
some cases but not in others. 
The quantitative estimation of the activity coefficients 
of ions in solution is thus seen to be very difficult, if not 
impossible. However, some qualitative statements may be made 
(157). Due to the decrease of interionlc forces by hydration 
of ions, the activity coefficient for monovalent and chemically 
closely related ions is the greater, the more hydrated the ion. 
Thus for the alkali ions f increases in the order 
C3 Rb K Na Li. Ions of high valence and small radius are 
largely associated at higher concentrations. The alkaline 
earth chlorides show a tendency toward association even at 
rather low concentrations. The activity coefficient is re­
duced by association according to the formula 
f = f^ (1-x) 
v/here x is the degree of association and f^ is the Debye-Huckel 
activity coefficient. The decrease of f throiigh association 
is particularly noticeable v/ith polyvalent ions. 
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Thus far the discussion has dealt with the ions in solu­
tion. To determine the activities of the ions in the exche,nger, 
even greater difficulties are encountered. It is not possible 
to measure these activities by independent methods as by 
potentiometric or cryoscopic determinations. Consequently it 
is meaningless to spealc of the activities of the ions in the 
exchanger except in terms of values that v;ill satisfy the mass 
action equation. 
The significance of the above discussion on activities 
may be cla.rified by tracing through the development of the 
activity concept in the light of our purposes. Our purposes 
are twofold: (1) to prove or disprove that mass action la 
the mechanism of ion exchange and (2) to select an equation 
that xirill relate the concentrations of the ions in the solu­
tion and on the exchanger at equilibrium. 
The original mass action equation, as proposed by Guldberg 
and Waage to relate the equilibrium concentrations of a chemical 
reaction, was derived on the basis of collision probabilities 
for the forvrard and reverse reaction (132). IVhen we speak of 
the mass action mechanism, therefore, we mean that based on the 
collision probabilities of the constituents in a chemical reaction. 
The equation was found to hold only for perfect gases or ideal 
solutions (infinite dilution). Later, as reported in G-lasstone 
(53)> G-ibbs showed that the same equation could be derived by 
therinodynamic methods, but again, only if the assumption is 
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made that the gases or liquids Involved are ideal. In this 
derivation, Gibbs made use of the fact that at eqixilibriuin 
the free energy change for a reaction is zero and that the 
free energy of each constituent is given by the relation 
F = RT Inc + F® 
v;here F is the free energy, c is the concentration and F° is 
a constant. Although the mass action relation is not true for 
actual reactions, it is approxima.tely true, the approximation 
depending on the deviation frora ideality. Lev/is (88) sug­
gested that Instead of searching for an equilibrium relation 
among the concentrations that is more nearly true, it might be 
simpler to define a quantity in tenas of x/hich the mass law 
must hold, and then try to find the relation between this 
quantity and the corresponding concentration. This quantity 
is known as the activity, a, and is defined by the relation 
F = RT In a + F° 
This definition is identical with the relation between free 
energy and ideal concentration and therefore must, of neces­
sity, lead to the mass action equation as derived by G-ibbs. 
It is clear, therefore, that if the activity differs appreciably 
from the concentration, the mass action mechanism cannot be 
proved by showing that the equilibrium constant is constant 
v/hen activities are used, for the activity is not a physical 
entity but is, in essence, any quantity that will satisfy the 
mass action equation. 
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However, the relation Involving activities might be useful 
if it were possible to find independent methods for relating 
activity v/ith concentration. As already pointed out, in the case 
of ions in solution as well as on the ion exchanger, this is 
very difficult if not impossible. It vrould appear, therefore, 
to be desirable to abandon the use of activities in ion exchange 
and to fall back on an equation expressed entirely in terms of 
concentrations. Of the equations listed in Table IV, Equation 7 
is the most reliable to use in correlating or predicting equi­
librium concentrations, but it has no theoretical significance. 
Equation 6, however, also correlates the experimental data fair­
ly well and moreover is indicative of the mechanism of ion ex­
change. As derived by Jenny and Reitemeier (72) for mono-
monovalent ion exchange and extended by Davis (34) to mono-
divalent ion exchange, the cations on the exchanger are vis­
ualized to be oscillating about fixed positions within a volume 
which is characteristic of the cation. The cations in the solu­
tion outside this volume are uniformly distributed. The dis­
placing ability of one cation for another will depend on the 
relative oscillation volumes, migration mobilities and con­
centrations. Oscillation volumes may be calculated from measured 
zeta potentials. One cation can displace another whenever it 
comes within the oscillation volume of the latter. A statistical 
analysis on this picture made by Davis for mono-divalent cation 
exchange yielded an equation in the form of an infinite aeries. 
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Equation 6 is the result of using only the first term of this 
series, which term is a good approximation for the total series. 
The mechanism thus presented is neither adsorption nor mass 
action but may be considered specific for the ion exchange 
phenomenon. 
It is interesting to note that the equation derived by 
the above analysis for inono-raonovalent cation exchange is 
identical with the mass action equation. 
Equation 6 was also derived by Gapon (52) from klnetie 
considerations, but his concepts were less definite than those 
of Jenny. 
E. The Dilution Effect and Hysteresis 
Many investigators have observed that divalent cations 
are more strongly attracted to the exchanger than monovalent 
cations v/hen the solutions are dilute] but in concentrated 
solutions the attraction for the two ions is more nearly the 
same. In other xv'ords dilution favors the retention of the 
divalent ion. This is known ag the dilution effect (73) (150) 
(157) (3^) (17). With cation pairs of the same valence, such 
as K"^ vs and Ga*^*^ vs Ba**"'', dilution has relatively little 
effect on exchange. 
Several explanations have been offered for this phenomenon. 
Examination of Equation 6, Table IV, reveals that with increased 
dilution (increase in v) there must be a greater displacement 
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of divalent cations (B±) for monovalent cations {A^) on the 
exchanger. Thus, the dilution effect is a further confirma­
tion of the validity of the hypothesis upon v;hich Equation 6 
is based. This hypothesis Includes the assumption that cations 
are held to the exchanger in a diffuse ion swarm rather than 
in a single monomolecular layer. Such a picture facilitates 
an understanding^ not only of the dilution effect but also of 
the phenomenon known as hysteresis. To explain these effects 
the assumption must be made that in the concentrated portion 
of the swarm immediately adjacent to the exchanger, the mono­
valent and divalent ions are held t'jith about equal strength, 
whereas in the diffuse outer portion of the swarm the divalent 
ions are held more tenaciously than the monovalent iona. Thus 
in dilute solution only the outer ions enter the exchange and 
the adsorption of divalent ions is favored, whereas in concen­
trated solution the entire swarm enters the exchange and the 
average effect is to show less favor to^'/ard adsorption of the 
divalent ions. 
Hysteresis is the name given to the observation that in 
certain cases of ion exchange, the point of equilibrium depends 
on the direction from v/hich it is approached. Thus if a 
calcium saturated exchanger is treated v;ith a solution of 
sodium chloride, at equilibrium the exchanger will retain more 
calcium than if the sodium saturated exchanger v/ere treated 
with calcium chloride. This phenomenon is observed, for the 
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most part, with mono-divalent cation exchange (151) (124) (73)* 
It can be explained on the basis of the diffuse ion 3v;arm if 
the further assumption is made that an ion in the svarm close 
to the exchanger surface is held more firmly than an ion farther 
out in the swarm. Then ivhichever ion is placed on the exchanger 
first will take up positions next to the surface of the ex­
changer and consequently will be removed v.'ith greater dif­
ficulty. Hysteresis may thus be looked upon as a kind of 
friction vrtiioh prevents the system from coming to true eo^uilib-
rium. 
F. Ion Hydration, Order of Cation Replacement, 
and Zeta Potential 
Ions in solution are assumed to be hydrated. The water 
molecules are attracted to the ion by induced polarisation in 
a diffuse mass, but only the most inwardly situated water 
molecules are strongly bound. Degree of hydration is high 
when the charge on the ion is hif^i and the crystallographic 
radius is saall. Therefore the hydration order for the alkali 
ions should be Li > Na > K > Rb > OS and for the alkaline earth 
ions Mg > Ca > Sr •> Ba. This is confirmed by Ionic velocity 
measurements. Hydration tends to diminish with concentration 
and temperature. The size of the hydrated ions is in the order 
Mg> Ga> Sr>3a> Li> Na> K (157). 
The higher the valence of an ion and the less hydratefi it 
is in solution, the more the ion is attracted to an exchanger 
(152). Ions may he dehydrated by addition of alcohol. When 
dehydrated the ions are alike with respect to ion exchange. 
Thus in pure water cesium shov;s 5^ per cent more exchange than 
sodium while in 80 per cent alcohol it shows only 2 per cent 
more exchange {15^)' Ions may also be dehydrated at high 
temperatures. Thus in exchange i/ith a silver saturated silicate 
exchanger (ultramarine), the order- of replacing poxrer for 
the alkali ions at room temperature xvas CS > B.b > rC> Na > Li as 
expected, but at I30 - 160° 0 (in sealed tubes) this order was 
completely reversed, presumably due to dehydration (70). 
The replacing power of cations varies considerably accord­
ing to the nature of the ion exchanger, the solution concentra­
tion and the degree of replacement of the exchanger. With 
, sulfonated organic resins, the hydrogen ion has a rather low 
replacing power, but with clays and organic exchangers contain­
ing weak acid groups, such as the carboxyl or phenolic radicals, 
the hydrogen ion has a much greater replacing power (6^h) (157) 
(124). With Dow HCH (sulfonated polystyrene type resin) satur­
ated with hydrogen ion, the order of replacement for monovalent 
ions in tenth normal solution is Ag > T1 > Rb > Os > K > > Na > 
Li (17). 
The higher the hydration of an adsorbed cation, the greater 
is the vjrater content of the exchanger (156) (124). A remarkable 
correlation between hydrated ionic radius and ezchange capacity 
was observed by Nachod and \food (106) 
Ion exchanp:e has been connected vith the Zeta potential 
in colloidal clay suspensions (71). This is further confirma­
tion of the existence of & diffuse ionic swarm at the surface 
of an ion exchanger. The active points on the solid surface 
of the exchanger are charged negatively and as a consequence 
attract positive ions from the solution. These positive ions 
arrange thenselves in e. diffuse swarn! near the solid surface, 
the density of the svarm decreasing vith distance from the 
surface. The electromotive force that exists between the center 
of gravity of the positively charged swarm and the main body 
of the solution outside it, is knovm as the Zeta potential. 
The value of the Zeta potential may be calculated either from 
measurements of the migration velocity of colloidal particles 
in an electric field, or from measurements of the streaming 
potential produced when a solution is passed through a bed of 
the solid particles ( 1 5 5 ) •  
The Zeta potential is proportional to the thickness of the 
cation swarm. This thicJcness increases with hydration of the 
cation but decreases with increasing valence. High Zeta 
potential, therefore, should correspond to easily exchangeable 
cations. This was found to be the case (71). The degree of 
exchange varied x-'ith the sixth power of the Zeta potential and 
when the Zeta potential x/as zero, no exchange took place. The 
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electrical conductivity of clay fjuapensiona containing various 
cations vr&a found to be in the order Na>Ca>Ba. This is in 
the order of diminishing zeta potential and exchangeability as 
expected (27). 
G-. Bate of Ion Exchange 
The rate of the cation exchange reaction was observed to 
be rapid by the earliest investigators. Way (153) recognized 
this in 1850. Subsequent rate measurements have been made v/ith 
difficulty owing to the great rapidity of the reaction. The 
general conclusion to be drawn from these early investigations, 
mainly on soils, is tlxat equilibrium is substantially reached 
within a few rainutes but complete equilibrium may require 
several hours, days, or even months depending on the type of 
exchanp:er (151) (73)« 
Doraaine, Sv/aine, and Hougen (39) established differential 
rate equations for a water softening ion exchange process using 
a thin cation exchanger bed 5*5 inches in diameter and 0.5 
inch thick. Distilled v/ater was first passed up through the 
bed to displace air v/hich would cause channeling, then the test 
run vras made by passing hard water down throupJti the bed, pre-
stimably displacing the distilled water ahead of it. One of the 
results obtained was that the reaction velocity was greater 
vrith smaller particle size indicating that diffusion was a 
controlling factor. 
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Using varioiis exchange materials and various cations, 
Naohod &nd v/ood (105) showed that in solutions of about .005 N 
the rate data fit the biinolecular second order reaction equation 
If = (a-x)(b-x) 
rather closely. The rate constant for various exchange 
materials and reactions at 27° 0. is given in Table V. 
Table V 
Corapariaon of Ion Exchange Hate Constants 
Exchanger 
20-30 mesh Reaction ^1 
2eo-Karb + Ga^ . 66 
Araberlite lR-100 « . 66 
Zeo-Karb Oaji^ + Hq .84 
Zeo-Xarb Na^ + O&Q .60 
ArJiberlite lR-100 n .29 
G-reensand It 1.60 
Synthetic silica gel n .26 
Note that greensand gave the fastest exchange rate although 
it has the lowest exchange capacity (see Table I). This is 
probably due to the fact that the exchange positions in greensand 
are all on the surface of the particles, whereas in the other 
exchangers a good portion of the exchange positions is in the 
-i^8-
interstloes of the resin or silicate structure 'Within the 
particles. 
Monovalent ions approach equilibrium faster than divalent 
ions, the order beinfj Cs = Rh = K>Na>Ll for the monovalent 
ions, and Ba>Sr = Ca > Mg for the divalent ions. The varia­
tion of rate constants v^-mong the cations is approscimately vhat 
one vrould expect from their respective diffusion rates. But 
diffusion is not the only rate determining factor, others be­
ing hydrated ionic size, ciriarge, and ateric availabilit;,' (106). 
The sulfonated resinous organic cation exchangers exhibit 
a high rate of diffusion and usually are mucii more rapid in 
exchange than are the inorganic natural or synthetic aluraino-
ailicates (152) (16). An exception is the catechol-formaldehyde 
type of resin in which the phenolic radical is the sole ex­
changing group. The exchange rate for this resin is extremely 
slow, requiring as much as tliree months to reach equilibrium 
(150) (3) although the exchange capacity is very high (see 
Table I). 
Bauinan and i^iciitiorn (1?) found that the rate of diffusion 
of sodium chloride and hydrochloric acid in spherical particles 
of Dowex-50 resin ia about one fifth as rapid as diffusion in 
dilute aqueous solutions. Ninety per cent of the capacity of 
Dovex-50 may be exhausted in 33 seconds in the sodluci-hydrogen 
exchange. 
Bchubert, Boyd, and Adaruson (124) believe that the rate 
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of diffusion is controlling when concentrations exceed O.IM. 
They also found that the exchange rate constant •was lower for 
larger particles and deeper beds. ViQien a, solution was passed 
through a shalloj bed of the exchanger particles the exchange 
rate constant xma from five to ten tlaies greater than when 
passed through a deep bed. 
H. Effect of Temperature on Ion Exchange 
Generally speaking, temperature has little effect on ion 
exchange especially with ions of equal valence. V/ith ions of 
unequal valence, increase in temperature favors the adsorption 
of the ion with higher valence, the effect being greater in 
concentrated solutions (150) (45). 
Nachod and Wood (105) reported that ion exchange rate was 
about 1.0% slower at 0° C. than at 27® C. but at 60® C. it was 
the same as at 27° 0. This temperature effect is probably due 
to changes in diffusion rate rather than in exchange rate. 
Jaeger (70), working v;ith the mineral ultramarine, treated Ag-
ultramarine with sodium iodide solution at 100° C. and 160° C. 
in sealed tubes. At 160° 0., equilibrium was reached in about 
one hour, but at 100° C. the exchange was much slower and 
equilibrium was not completely reached even after fifty hours. 
This effect may be attributed to the dehydration of the sodium 
ions at the higher temperature. 
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I. Swelling 
iVhen an organic ion exchanger or a clay of the raontnioril-
lonite type is placed in water after being dried, it swells 
considerably in volume. Thus Zeo-Karb swells from a bulk 
volume of 1.42 c.c. per gram in air to 2.0^4- c.c. per gram in 
water (151). The amount of swelling depends on the cation 
that is adsorbed on the exchanger. The bulk volume of a 
sulfonic acid type resin in c.c. per gram for various adsorbed 
cations is as follows (57): H I.283. Na 1,655, K 1.43^, Ca 
1.388, Mg 1.655, Ca 1.585, Ba 1.453, Ag I.283. The swelling 
of Mg, Ca, and Ba sulfonic acid type resins is directly pro­
portional to the solubility of the corresponding benzene sul­
fonates. The silver form of Dow HCR resin occupies only 8?^ 
of the volume of the equivalent lithium resin (16). 
Dry exchange materials swell in water chiefly because 
of hydration of the adsorbed cations. This is evident from 
the fact that the amount of swelling for the various cations 
is in the same order as their hydration. An interesting 
theory relating to swelling, hydration, and osmotic pressure 
is suggested by Flory and Rehner (46). Exchange materials 
expand less in concentrated salt solutions than in pure water 
because the ions in the solution compete vjith the cations on 
the exchanger for the water of hydration. 
« 
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J. Anion Exchange 
The exciiange of anions on an anion exchange material Is, 
in theory, analogous to the exchange of cations on a cation 
exchanger. Actually, however, anion exchange behavior is sig­
nificantly different. 
Inorganic materials exhibiting anion exchange properties 
include dolomite, heavy metal silicates (103) phosphate 
rocic (150). The exchange capacity of these laateriala is very 
low and they have no commercial significance. Hov;ever, gels 
of ferric and aluminum oxides have "been used to remove fluoride 
ions from water by anion exchange with chloride ions (56). 
The commercially Important anion exchangers are all organic 
resins in v;hlch an amine or ammonium group is the seat of ex­
change. Those resins which contain primary, secondary, or 
tertiary amine groups behave as weak bases and serve to adsorb 
relatively strong acids from solution. Letting R represent the 
resin structure, the reaction may be written 
RNH2 H-'- + A- RNH3+ A-
where A*" is the anion of the acid. Thus the mechanism appears 
to be adsorption of the entire acid rather than exchange of 
anions (I03). The reaction cannot be v;rltten 
RNHg + HA RNH^^A" 
for there is evidence to shov/ that adsorption of the undissoci-
ated acid does not occur. Very weak (undissoclated) acids. 
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such as silicic acid, phenol, and hydrocyanic acid, are not 
adsorbed by the amine type resins. Also, adsorption of even 
strong acids does not take place in non-aqueous solvents in 
ttfhich the acid is undissociated (10^). 
Data on the adsorption of acids from dilute solutions by 
these resins fit the Freundlich adsorption equation better 
than any other, thus confirming the adsorption nieohanism (101) 
(23). The heat of adsorption of acids by anion exchangers of 
the amine type is not large but it is a good deal more than 
the heat of reaction of cation exchange (84). This suggests 
that the mechanism is first the adsorption of hyrl.rogen ion by 
a somewhat covalent link vrith the evolution of heat, 
RNHg + RNH3"^ + A 
followed by adsorption of the anion by the ionic link with no 
evolution of heat, 
RNH3+ + A~ —A" 
Since the salt formed by the amine group and the acid is the 
salt of a weak base, it is to be expected that some of the salt 
will hydrolyze to give 
A- + HOH ^  OH- ^  RKHg + HgO 
so that the resin will contain both A" ions and OH** ions, the 
relative amounts depending on the strength of the base; the 
stronger the base, the leas OH" ions on the resin at the equiv­
alent point. 
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Up to this point the discussion has dealt ifith acid ad­
sorption rather than anion exchange. True anion exchange is 
possible between a salt in solution and the salt formed on the 
resin after adsorption of a strong acid, 
RNH^"^ Cl~ + {RNH3)2S0;I^ -f 2NaCl 
In this reaction, sulfate ion is exchanged for chloride ion 
in neutral solution. 
The acid adsorption capacity of Araberlite 1R4B, an amine 
type resin containing 14y& nitrogen, is 10 m.e. per gram to 
HCl which corresponds to one CI for each N (8^). But to 
the capacity is 11.6 m.e. per gram and to 27*7 m.e- per 
gram. This indicates that the ions H2POJI1,"' and HPOj[|,~ are 
also active. High concentrations of acids (above 0.2N) are 
needed to saturate the resins. 
In the NaOH regeneration of a resin which has adsorbed 
HCl, the reaction is probably 
RNH^ CI" + NaOH RNH^ + NaCl + H^O 
with a slight formation of RNH^OH. 
The rate of acid adsorption by an amine type resin is 
much slower than the exchange of cations on a cation exchanger 
(125) (105) (101). The rate determining step is diffusion. 
The rate of acid adsorption for various acids is in the order 
H2S0^"> HAO HCl. True anion exchange, as for example 
the chlorlde-sulfate exchange indicated above is much more 
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rapld than acid adsorption and is comparable in speed with 
cation exchange (85). 
New anion exchange resins have recently been developed 
which are strongly basic in character and are capable of ex­
changing hydroxyl ion for other anions by true anion exchange 
at any pH (83). They are also capable of adsorbing very weak 
acids such as silicic acid from solutions. These feats were 
not possible with the weak base amine type resins. The new 
resins derive their strong basicity from quaternary ammonium 
groups or from guanidino groups incorporated in the resin 
structure. The basicity of these groups la comparable with 
that of sodium hydroxide. 
The behavior of these resins is in every v/ay comparable 
to the sulfonic acid type cation exchangers (85). The anion 
exchange capacity of one of these resins, Amberlite IKA-^OO, 
is 2.0 m.e. per gram which is comparable to the capacities of 
the cation exchangers listed in Table I. The rate of exchange 
for the strong base anion exchangers is as high as for the 
strong acid cation exchangers. Squilibrium concentrations for 
mono-monovalent anion exchange is very xvell correlated by the 
Rothmund-Kornfeld equation (121) as in cation exchange. For 
the OH-Gl exchange this equation is 
^- 2 95 
where subscript 0 signifies concentration in m.e. per gram In 
the outside solution and subscript 1 Inside the resin. As 
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with cation exchange, the diva.lent anions shov/ed stronger 
affinity for the reain than the monovalent anions. The order 
of replacing power is citrate sulfate oxalate iodide nitrate 
chromate "bromide thiocyanate chloride formate hydroxyl 
fluoride acetate. .Araberlite IRA-^00 is operable at pH values 
as high as 10. 
A complete list of commercially available anion exchangers 
is given "by Nachod (107) • 
K. Ion Exchange Operation 
The technique of carrying out an ion exchange process on 
an industrial scale rests largely on the experience gained in 
the water treatment field in the past kO years. The primary 
function of the equipment is to provide a convenient means of 
contacting solutions with the particles of ion exchange mater­
ial in a series of steps composing the operating cycle. The 
most frequently used method is to pass the liquid downward 
through a granular bed of ion exchange material placed in a 
rubber lined steel tank with means for supporting the material 
and distributing the solution over it uniformly. For minimum 
lose of valuable constituents the cycle of operations is car­
ried out in six steps (119) (107); 
(l) Pass solution to be treated dotm the bed to displace 
rinse water from previous cycle. 
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(2) When effluent concentration is constant start draw­
ing off main product. 
(3) IVhen ion exchange material is exhausted, introduce 
water to displace the solution. 
(4) Backwash by running water up through the "bed to 
loosen it and remove dirt and foreign matter. 
(5) Pass reg^enerating solution down throug-h the ion ex-
chanjjer to replace the original ions. 
(6) Rinse the ion exchanger free of regenerant v/ith v;ater. 
The volume of the bed is determined by the capacity of 
the exchanger, the quantity of ions to be exchanged and the 
length of the operating cycle desired. The latter is determined 
by a proper balance between initial equipment costs and oper­
ating labor costs. The bed depth is seldom under 30 inches 
and is usually considerably more than this. From 50 to 100^ 
"free-board" or rising space is left above the exchanger bed 
to provide for expansion of the bed during backwashing so that 
dirt can be carried away without loss of exchanger particles. 
Multiple units are often employed to permit continuous 
flow of product by switching units after each step in the cycle. 
The external piping and valve system is rather complicated and 
highly specialized. Automatic control is used in complicated 
systems using short cycles. 
In a few cases, such as in the pectin industry (21), ion 
exchange is carried out by agitating as a slurry the exchanger 
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granules and the liquid to he treated. The granules are then 
separated "by centrifuglng and regenerated in the conventional 
columnar bed. 
In columnar operation attempts have been made to remove 
the eschausted portion of the ion exchange bed continuously and 
to regenerate it externally to the column. This tvould permit 
keeping the ion exchange column in continuous operation and 
avoid shutdowns. However, all such schemes have thus far 
proven unsocuessful and hftve not been adopted for comraercial use. 
L. Applications of Ion Exchange Materials 
A number of recent reviev/s (10?) (U) (41) describe the 
many and varied applications, both old and nev:, to >/hich Ion 
exchange has been put. New applications are being proposed 
almost daily. In general it might be said that these ion 
exchangers may have possible value wherever the removal, ex­
change, or separation of ions in solution are involved. Only 
a fev; representative examples from the various fields v/ill be 
mentioned here. 
The oldest and still the most important use is in the 
water softening and purification field. Sodium and potassium 
cations are removed from sugar Juices to obtain higher yields 
of sucrose. Metals such as copper, silver, and chromium can 
be recovered from very dilute solutions. Sea water can be 
desalted on a small scale for emergency use. Many of the ion 
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exchangers are excellent catalysts for & large number of chem­
ical reactions. Amino acids can be separated by chrcmstography 
on ion exchangers. Cow's milk may be modified for infant feed­
ing. Govver and sodium my be removed from hydrocarbons. Blood 
may be modified for transfusions. Ulcers may be treated with 
anion exchangers. Vitamin may be recovered and purified. 
M. Preparation of Chemicals by Ion Exchange 
The preparation of chemicalfs is singled out here because 
it is the application of ion exchange v;ith which this thesis 
is concerned. It is not listed among the important uses of 
ion exchange because of the serious limitations encountered 
in most cases. These limitations will be discussed after a 
few examples have been given. 
Ammonium sulfate has been prepa-red from urine (159)* 
The urine was first treated with urease and then passed through 
an acid regenerated cation exchanger vhich adsorbed the ammonia. 
Regeneration vrith sulfuric acid yielded ammonium sulfate in 
the effluent, the oversell yield being 80^ based on the original 
nitrogen content of the urine. 
Free acids have been r^repared by passing alkali salts over 
an acid regenerated cation exchanger (93)• Conversion could 
not be made complete. The acid used in regeneration contaminated 
the effluent and the solutions were more dilute than desirable. 
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A special case of the preparation of acids is the prepara­
tion of silicic acid sols (I23). Sodium silicate solution was 
passed throupjh an acid regenerated cation exchanger, the sodium 
ion in solution being replaced by the hydrogen ion from the 
exchanger. This application v-ras rather successful because of 
the favorable equilibriujn for the formation of silicic acid. 
Because the acid is extremely weak the sodium in the solution 
C8.n be almost completely replaced by the hydrogen from the ex­
changer even from rather concentrated solutions. 
Lead acetate and calcium nitrate v/ere obtained in separate 
solutions using lead nitrate and calcium acetate in conjunction 
with an Interesting ion exchange technique (10). A solution of 
lead nitrate vjas first passed down a column of calcium zeolite 
and lead zeolite mixed in such a way that the concentration of 
calcium zeolite decreased and the concentrfi,tion of lead zeolite 
increased in the direction of flow. The effluent was a solu­
tion of calcium nitrate. The column was then washed and inverted 
and a solution of calcium acetate passed down the tube, the 
effluent being lead acetate. It is likely, hov/ever, that the 
solutions of lead acetate and calcium nitrate thus obtained 
were either impure or very dilute or both. The principles in­
volved in this process were discussed by Austerweil (11) (12). 
An ion exchange process for making sodium nitrate from 
calcium nitrate and sodium chloride has actually been employed 
in Norway (110). The sodium saturated cation exchanger is 
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treated with calcium nitrate solution, the effluent being 
sodium nitrate with some excess calcium nitrate vhich is not 
objectionable. The exchanger is then regenerated by passing 
sea water through it, the effluent being calcium chloride in 
a large excess of sodium chloride all of which is disoa.rded. 
Very recently, a process has been proposed for prepe-ring 
soda ash from sea water by ion exchange (?6). The sea water 
is first treated vrith calcium hydroxide to precipitate mgnesium 
hydroxide and leave a purified sea water. The magnesium hy­
droxide precipitate Is then converted to magnesium bicarbonate 
by contacting it with carbon dioxide gas. The soluble mag­
nesium bicarbonate is dissolved and the solution passed through 
a sodiiim saturated cation exchanger to give an effluent to 
dilute sodiura bicarbonate. The exchancer is then regenex'ated 
by ps,ssing the purified sea water through it, the effluent 
being a solution of nagnesiusi chloride in a large excess of 
sodium chloride, all of which is discarded. It is believed 
that by siiitable recycling procedures, more concentrated solu­
tions of sodiucj bicarbonate nay be obtained. Upon heating, 
sodium bicarbonate is converted to sodium carbonate. The 
process is only in the research stages of developnient and no 
claims are made for it as yet. 
The foregoing examples suggest the limitations that are 
inherent in the general preparation of cheraicals by a double 
decomposition reaction carried out on ion exchangers. It can 
be seen that in the general case the desired product must be 
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obtained in the form of ft. dilute solution, and the hif'-her the 
purity of the product desired, the more dilute must be the solu­
tion. This is bec&use of the equilibrium relation existing 
among the ions and the limited exchange capacity of & g-iven 
volume of excha.ng'er. To elucidate this, consider an exchanger 
bed having a total exchange capacity o m.e. and saturated with 
ion A. If a volume v c.c. of soliition containine; B m.e. of 
ion B is passed throug-h the exchanger bed, the maximum con­
centration of A tha o ccuXci possibly be obtained in the effluent 
in one pass Kould be c/v. This concentration of A could be 
obtained free of B only if the original solution contG,ined 
exactly e m.e. of B ions and during exchange all of the B 
ions replaced all of the A ions on the exchanger. However, due 
to the equilibrium relation only a part of the A ions are re­
placed so that the effluent solution is more dilute than c/v 
and moreover is contaminated with unexchanged B ions. It is 
possible to raise the concentration of A in the effluent to a 
value close to c/v by starting v;ith a concentration of B in 
the feed solution far in excess of c/v. However, in that case, 
the effluent v/ill be highly contaminated with unexchanged B 
ions. It is also possible to obtain a.n effluent almost free 
of B by starting >rith a concentration of B in the feed solu­
tion very much less than o/v. In that case almost all of the 
B ions will be exchanged but the effluent solution will be 
very dilute in A since it will contain no more A ions than 
the original solution contained B ions. 
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These difficulties my be obviated in cases vjhere the 
equilibrium is very favorable as in tho case of the production 
of silicic acid sols cited above, or where oontainination of 
the product x^rith one of the reactants is not objectionable as 
in the production nf sodium nitrate. In the problem with 
Tfhich this thesis is concerned, the limitations described above 
were circumvented by talcing advantage of the solubility 
characteristics of strontium hydroxide. Strontium hydroxide 
is soluble in hot solution but insoluble in cold sodium hy­
droxide solution. Thus, by passins: a hot concentrated strontium 
hydroxide solution over a sodium saturated exchanger, the 
maximum concentration of sodium hydroxide in the effluent v/as 
obtained together with & large excess of strontium hydroxide. 
But this strontium hydroxide in the effluent v/as easily re­
moved from solution by precipitation on cooling, leaving a 
pure sodium hydroxide solution as product. 
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III. EXPERIMENTAL 
The following experiments were designed to explore all 
possible means by which sodium hydroxide can be produced by the 
ion exchange process. Specifically, it was desired to secure 
data indicating the concentration of sodium hydroxide obtain­
able, the efficiency of the exchange, the capacity of the 
exchange material, the conditions for regeneration of the ex­
changeable cation, and the optimum conditions for exchange. The 
effect, on the above quantities, of the type of exchangeable 
hydroxide used, the type of exchange material used, temperature, 
concentration, contact time, and solution to resin ratio comprised 
the major portion of the investigation. Attention was given to 
the theoretical significance of the results obtained. Some study 
was made of the possibility of recovery of the exchangeable cation 
from the regenerant effluent and its reconversion of the hydroxide. 
A quantitative flowsheet based on the experimental data was de­
veloped and the economic possibilities discussed. 
A. Investigation of Suitable Exchangeable Hydroxides 
It is clear that to produce sodium hydroxide by ion ex­
change In aqueous solution, the hydroxide of the cation with 
which sodium Ion is to exchange must be soluble in water. The 
list of common soluble hydroxides is not large and consists of 
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the follov/lng; ammonium hydroxide, calcium hydroxide, strontium 
hydroxide, harium hydroxide, lithium hydroxide, potassium hy­
droxide, rubidium hydroxide, cesium hydroxide and thalloua hy­
droxide. 
Selection of the most suitable exchangeable hydroxide is 
based on solubility behavior, cost, exchange characteristics 
of the cation and concentration of sodium hydroxide obtainable. 
1. Solubility behavior and costs of the various hydroxides. 
A major difficulty encountered when attempts are made to 
produce salts by ion exchange is the incompleteness of exchange, 
resulting in a product which is contaminated with the unex­
changed portion of the salt fed to the ion exchanger. In the 
case at hand, if a solution of a hydroxide, MOH, is fed to a 
sodium loaded exchanger, M"*" will replace Na"*" on the exchanger 
to form sodium hydroxide in the solution but the portion of 
the MOH which does not exchange will be discharged along with 
NaOH in the exit solution. The unexchanged portion of the 
MOH is the result of an equilibrium existing among the ions in 
solution and on the exchanger. It is true that in ordinary 
water softening operations by ion exchange, the calcium and 
magnesium ions in solution are almost completely removed from 
solution by the exchanger; but this is possible only so long 
as there is a large excess of sodium ions on the exchanger 
over calcium and magnesium ions in solution. This is the situa­
tion in water softening because even in hard waters the solu­
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tions are very dilute. However, In the case of salt manu­
facture by ion exchange, it is necessary to feed a concentrated 
solution in order to obtain a product of reasonable concen­
tration. 
It is proposed to obviate this difficulty by selecting a 
hydroxide which is soluble when hot but relatively insoluble 
v;hen cold. Thus the concentrated hydroxide solution could con­
tact the exchanger when hot and after leaving the exchanger it 
could be cooled, thereupon the unexchanged portion vrould pre­
cipitate leaving the pure sodium hydroxide in solution. 
The solubilities of the various soluble hydroxides in hot 
and cold v^ater are compared in Table VI. 
The solubility-temperature curves for calcium hydroxide, 
strontium hydroxide and barium hydroxide are shown in Figure 2. 
It appears that calcium, strontium, barium, and thallous 
hydroxides have low enough solubilities when cold to conceiv­
ably be precipitated from the sodium hydroxide effluent. Am­
monium hydroxide could be removed from the effluent by boiling 
the solution. The other hydroxides, those of lithium, potassium, 
rubidium and cesium are highly soluble and therefore would not 
precipitate from sodium hydroxide solution. Calcium hydroxide 
has the disadvantage of having an inverted solubility curve 
and therefore cannot be expected to give a high degree of ex­
change when hot; but in viev; of its advantage of very low cost 
it was decided to investigate its exchange characteristics in 
Table VI 
Solubilities of Hydroxides in Q-ram-equivalenta per 1000 G-rams Water 
Hydroxide Oa Sr Ba NH|^ Li Na K Rb Ca T1 
0° 0. 0.050 0.067 0.56^^ 52.8 5-31 10.51 2ii'.22 17.57® 26.ifol5 1.17 
100° 0. 0.021 3.59 6.0O7 84.38 7.31 86.7 ^1-^.5 V.S. 6.69 
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Fig. 2. Solubility curves for alkaline earth 
hydroxides 
the hope of overcoming the effect of its low solubility during 
exchange. 
The costs (111) of the various soluble hydroxides are 
compared in Table VII. 
Table VII 
Comparison of Costa of Hydroxides 
Hydroxide Oa Sr Ba Li Na K Rb Gb T1 
Cost i/lb. equiv. .22 26.6 15.2 11.? 26-3 2.62 6.2 i^30.0 
This table ahowa that the cost of thallous hydroxide is so 
extremely high as compared v/ith the other hydroxides as to elim­
inate it from consideration. 
This leaves calcium hydroxide, strontium hydroxide, barium 
hydroxide and ammonium hydroxide as feasible agents for exchange. 
In the case of the latter three hydroxides, recovery of the 
cation is necessary since each of these is more costly than the 
sodium hydroxide product. 
In view of the foregoing analysis, experimental examination 
of exchange characteristics was limited to the four hydroxides 
Just mentioned. 
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2. Exchange characteristics 
The ion exchange raaterial used in these testa was a high­
ly cross-linked sulfonated phenol-formaldehyde resin produced 
"by the Dow Chemical Company and known as Dow MX. This resin 
which is more fully described on page 15 was selected because 
of its relatively high exchange capacity and fair stability 
to strong caustic solutions as compared with other organic and 
inorganic exchangers available at the time. 
a. Exchange characteristics of calcium hydroxide. 
(1) Single contact with calcium hydroxide solution. Three 
cycles of exchange and regeneration were carried out on one 
gram of resin using fresh calcium hydroxide solution during 
each exchange and fresh sodium chloride solution for each re­
generation. The resin was thoroughly washed after treatment 
with each solution. The solutions were analyzed for hydroxyl 
ion by titrating with HCl, for calcium ion by the oxalate-
permanganate method and for chloride ions by the Mohr method. 
The conditions for the test and the results are given in Table 
VIII. 
The results of Table VIII show that the maximum sodium 
hydroxide concentration obtainable by cation exchange with 
calcium hydroxide solution in one pass is about 0.1/? solution. 
The experiment also shows th£.t exchange on new resin is not as 
great as in subsequent cycles and that hydroxyl ions are ad­
sorbed during exchange but chloride ions are not adsorbed during 
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Table VIII 
Exchange of Caloiuin for Sodium from Calcium Hydroxide Solution 
(Units are milliequivalents unless otherwise noted) 
Exchange at 25® 0. 
1 g. Dow M reain 100 c.o. 
of .033^ Ca(0H)2 stirred 1 hr. 1st cycle 2nd cycle 3rd cycle 
M. e. Ca and OH in feed solution 3.30 3.30 3.30 
M. e. OH adsorbed by resin 1.16 0.70 0.71 
M. e. Ca adsorbed by resin 2.30 2.98 2.82 
M.e. Oa exchanged for Ka l.lif- 2.28 2.11 
K'eight NaOH made . 045 .09 .08 
% of original Oa adsorbed 69.7 90.3 77.2 
% of original Ca exchanged 3^.6 69.2 61^.0 
Regeneration at 25® C. 
25 CO. of 3.80 N NaOl added to 
washed resin and stirred 1 hr. 1st cycle 2nd cycle 3rd cycle 
.e. CI adsorbed by resin 0.0 0.0 0.0 
..e. Ga released from resin 2.52 2.52 2 • 66 
Oa released/Oa adsorbed 1.10 .8^6 .9^3 
I.e. OH released from resin .20 .31 .3^ 
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regeneratlon. Tlie explanation for these phenomena is not clear 
from this experiment alone "but later experiments will show tiiat 
the adsorption of hydroxyl ion is due partly to the neutraliza­
tion of acidic hydrogen present in the phenolic type resin and 
partly to the fact that a portion of the calcium exchanges In 
the form of the cation (CaOH)'^. This latter hypothesis explains 
the reappearance of some of the adsorbed hydroxyl ions in the 
regenerant solution. 
(2) Single contact with calcium hydroxide suspension. In 
view of the fact that only a O.l/S solution of sodium hydroxide 
resulted from the exchange with a solution initially 800 
saturated v/lth calcium hydroxide (.033N) from v/hich most of the 
calcium was removed by exchange, it v/as felt that higher con­
centration of sodiim hydroxide would result if the solution, 
was at all times saturated vrith calcium hydroxide during ex­
change. This could be done by using a calcium hydroxide suspen­
sion. 
In the following tests, Dow M resin, calcium hydroxide 
power, and water In various proportions were stirred for periods 
of time deemed sufficient to reach equilibrium conditions. The 
solution in each case v/as then filtered off and a sample of 
filtrate was analyzed for hydroxyl and calcium ions. The con­
ditions for the tests and the results are given in Table IX. 
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Table IX 
Exchange of Oalcium for Sodiuim from Calcium 
Hydroxide Buspension 
Test 
Qframs resin (air dry) 1 10.2 10.0 50.0 50.0 
Gondition of resin regen. fresh regen. regen. regen. 
G-rams Ga{0H)2 0.122 1.1 1.0 5.0 5.0 
Qrams 100 100 100 100 30 
Ca<0H)2 in feed o.l2 1.09 0.99 4.75 14.29 
Contact time, hrs. 1 8 18 9 5 
(Jrams NaOH raade 0.0913 0.0862 O.368 0.512 0.186 
Wt. ^  IfeOH in solution 0.09 O.O86 O.366 0.510 0.62 
10.e. NaOE 
Exchange , 69.1 7.3 34.0 9.5 3*5 
efficiency m.e. Ca(0H)o 
fed 
Examination of Table IX reveals that the maximum sodium 
hydroxide concentration obtained v/ith a calcium hydroxide sus­
pension was 0.62^ NaOH by vrei^t. This xvas obtained in the case 
where the ratio of resin to solution was the greatest and where 
the concentration of oalcium hydroxide was the greatest as might 
be expected. The variation of sodium hydroxide concentration 
and exchange efficiency with calcium hydroxide concentration in 
suspension is shown graphically in Figure 3. It v/ill be noted 
that v/hile the sodiiim hydroxide concentration increases to a 
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maxlmura as the concentration of calcium hydroxide suspension 
and resin is increased, the exchange efficiency drops sharply. 
This is significant because the ratio of calcium hydroxide to 
resin was the same in all cases. This behavior is indicative 
of a mass action type effect in which accumulation of sodium 
hydroxide in solution suppresses the tendency toward further 
exchange. This effect ia enhanced by the diminution of the 
solubility of calcium hydroxide as the sodium hydroxide con­
centration is increased. This diminution (12?) is rather sharp 
as shovm in Figure k and the approximate parallelism of the 
exchange efficiency curve and the solubility curve of calcium 
hydroxide suggests that the exchange efficiency is influenced 
by the diminlBhed solubility of calcium hydroxide as well as 
by the increase in sodium hydroxide concentration. 
(3) multiple contact vlth calcium hydroxide suspension. 
Attempts were made to increase the sodium hydroxide concentra­
tion obtainable by contacting the calcium hydroxide suspension 
v/ith small portions of sodium saturated resin successively 
rather than by using the total amount of resin in one contact. 
It v;as expected that by such a procedure the reverse reaction, 
i.e. the exchange of sodium for calcium on the resin, would 
be lessened, since no large amount of calcium loaded resin could 
be present at any one time. However, the results showed that 
in no case in which this raultli)le contact procedure was used 
was the resultant sodium hydroxide solution of a higher con-
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centration than v/hen using* a sinp:le contact v/ith the aejne total 
amount of reain, and in most oases it was the same. This rather 
surprising result suggests that the reverse res.ction mentioned 
above may not be of great importance in the exchange and that 
the factor that limits exchange as the sodium hydroxide con-
contration builds up is largely the lowered solubility of 
calcium hydroxide. 
m-) Multiple contact by flow through resin bed. It is 
believed by some investigators (I36) that exchange efficiency 
is greater •^-;hen the solution is allowed to flo'.v over a station­
ary bed of the resin than vrhen the solution and resin particles 
are stirred together in a batch exchange. To test this idea,, 
a column of resin ims set up in a glass tube 2.3 em. in diameter 
and 27.6 cm. long*. After saturatin^^ the resin Fith sodium 
by passing concentrated sodium chloride dovm through the bed 
and v^ashing, satiirated calcium hydroxide solution was repeated­
ly recycled through the bed, keeping the solution saturated 
x>/ith calcium hydroxide by passing' it through a column of calcium 
hydroxide powder before it came in contact v^ith the resin bed. 
After the resin v&a exhausted of sodium it was regenerated with 
sodium chloride and the procedure repeated v/ith the same calcium 
hydroxide solution. This procedure v;as repeated until the sodium 
hydroxide content of the solution showed no further increase. 
The maximum sodium hydroxide concentration obtained in this 
manner was 0.4?;^ by v;eight. This is somewhat less than the 
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0.62;& produced by stirring calcium hydroxide povxder vith the 
resin in w&ter stispenslon, and shoT'j-s that the flow procedure 
is not advantageous in this case as far as degree of exchange 
is concerned, 
(5) Effect of teinpers.ture» To deteriaine the effect of 
temperature on the exchange, three saraplea vcere prepared, each 
containing loo e.c. of 3;^ ealclujn hydroxide suspension. To 
tivo of the {Jamples 50 gr.ains of godium-saturated resin were 
adden out not uo tiit' thii'd. All three samples ivere stirred 
for minutes during hhich time one of the samples containing 
the resin xvas kept at 75'^ C. vmile the others were at 23° C. 
The suspensions ivere filtered and the solutions analyzed. The 
results are shown in Tahle X. 
Table X 
Effect of Temperature on Exah&nge of Oalolwa Hydroxide 
Sample 12 3 
Composition 5 S» Ca(OH)^ 5 g» Ca{0H)2 5 S* Ca{0H)2 
100 g. HgO 100 g. HgO 100 g. HgO 
50 g. resin 50 g. resin 
Temperature 75® c. 23° 0. 23° C. 
Solution analysis 
After exchange 
M.e. OH 6.92 11.8^1)' 3'92 
M.e. Ca ,1^6 .68 3.93 
M.e. NaOH 6,46 11.16 0 
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The diminished sodium hydroxide content of the solution 
which underwent exchange at the higher temperature is the re­
sult of the lowered solubility of oalclum hydroxide at the 
higher temperature (see Figure 2). This is another bit of 
evidence to support the contention that the degree of exchange 
is limited by the lov; solubility of calcium hydroxide. 
(6) Effect of contact time. The effect of time of con­
tact of tlie solution with resin on the degree of exchange and 
adsorption is shown in Figure 5« In these exjjeriments 20 g. 
of sodium-saturated resin were shaken with 150 c.c. of .03^2 N 
calcium hydroxide solution for a definite time after which a 
sample was Immediately taken and analyzed. A number of such 
experiments were performed using various contact times. The 
curves in Figure 5 show that all of the calcium in solution 
V7as adsorbed by the resin in 5 minutes, but the maximum sodium 
hydroxide concentration was obtained in 1 minute, after which 
it dropped steadily until a constant value was reached in 
about 2 hours. This clearly shows that after the sodium hy­
droxide is formed in solution by exchange it is slov/ly read-
sorbed by the resin, most likely on the phenolic OH groups 
v/hich, because of their weakly acidic properties tend to ad­
sorb bases slowly (see page 25). 
( 7 )  Effect of non-aqueous solvents. The effect of non­
aqueous solvents on the degree of exchange and adsorption of 
calcium hydroxide is shown in Figure 6. In these experiments 
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20 g. of sodium saturated resin were shaken for 20 minutes with 
150 c.c. of saturated solutions of calcium hydroxide in various 
methanol-Tvater mixtures. The curves of Figure 6 show that 
methanol has the effect of lowering the amount of calcium ad­
sorbed and also the amount of sodium hydroxide formed by ex­
change. Similar experiments with ether-water and acetone-
water solvents showed similar results. 
(8) Use of calcium hydroxide in anion exchange. Inasmuch 
as cation exchange of Ca for Na produced a maximum sodium hy­
droxide concentration of only 0,6^, an attempt v/as made to im­
prove on this by using anion exchange. By the anion exchange 
scheme, the reactions would be as follows; 
Exchange t 
NaOl + R-OH ^  NaOH + R-01 
Regeneration: 
2 R-01 + 0a{0H)2^ 2 R-OH + Ca0l2 
where R- represents the anion exchange resin (see pages 51-55)• 
Since sodium chloride is highly soluble, in contrast to 
calcium hydroxide, such a process would be capable of producing 
sodium hydroxide solutions of correspondingly high concentrations 
if the chloride ions could be induced to exchange more or less 
completely with the hydroxyl ions on the anion exchanger. The 
exchanger could then be regenerated by repeated leaching with 
calcium hydroxide solution. 
At the time this investigation was started the only anion 
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exchangers commercially available were the amine type acid 
adsorbers described on page 51' In order to exchange hydroxyl 
ions the resin must contain a functional group that has strong­
ly basic properties. An investigation was therefore undertaken 
to explore means by which resins containing strongly basic 
functional groups could be synthesized. 
Tertiary sulfonium compounds are known to be capable of 
forming soluble hydroxides xdiich are strong bases (32). If 
these could be produced in resin form, the hydroxyl ions should 
be highly ionized and exchangeable. Triphenol-sulfonium chlor­
ide was prepared by the method of Smiles (I3I) and polymerized 
under various conditions with furfural and with formaldehyde 
in the presence of both acid and basic catalysts. The resins 
thus formed were hard solid materials of various colors and 
had other interesting properties but they did not exiiibit the 
ability to exchange anions. 
Quaternary ammonium hydroxides are also knovm to be strong 
bases soluble in water. Attempts were made to form anion ex­
changers by adsorbing these hydroxides on activated carbon and 
activated alumina, but the adsorbents so treated did not differ 
in exchange capacity from the untreated adsorbents. 
Since these tests were made, anion exchange resins of the 
strong base type have been developed and made available by the 
Resinous Products Company and by Liquid Conditioning Corp. 
These resins, LiquoneK AD and Amberllte IRA^OO, were tested 
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In the OH — Ci exchange. It vas found that the equilibrium 
involving the chloride ions and the hyaroxyl ions was such 
that only a very small fraction of the chloride ions from a 
sodium chloride solution exchange for hydroxyl ions from the 
resin. The solution thus produced in one contact had a con­
centration of about 0.1;^ sodium hydroxide in a solution almost 
saturated with sodium chloride. In short, the affinity of 
the resin for hydroxyl ion is so much greater than its affinity 
for chloride ion that the exchange is not practicable. 
b. Exchange characteristics of ammonium hydroxide. Sodium-
saturated Dow MX resin v/as stirred with airunoniura hydroxide solu­
tions of concentrations 15N, 5N, IN, O.IN, .OIN, .OOIN. After 
30 minutes stirring at 23® 0. the solution was filtered and 
evaporated to dryness to drive off all ammonia. If there xvas 
any exchange of ammonium ion tor sodium ion, the residue should 
consist of sodium hydroxide. This could be dissolved and ti­
trated \flth. standard acid. In the case v/here 15N ammonium 
hydroxide v&s used it was found that a trace of sodium hydroxide 
was formed by ion exchange. In all other cases, not even a 
trace of sodium hydroxide was formed. The tests were repeated 
through several cycles of exchange and regeneration with sodium 
chloride with the same results. The same tests were carried 
out in methanol-vrater and acetone-v/ater solutions. With these 
solvents no trace of sodium hydroxide was formed even v;ith 
15N ammonium hydroxide. 
-8ij~ 
These results may be explained by the fact that in the 
equilibrium 
NH^ + H^O ^  + OH"" 
the reaction from right to left predominates to such a great 
extent that the concentration of araraonium and hydroxyl ions is 
extremely small even in concentrated ammonia solutions (132). 
Since the ion exchange equilibrium depends on the ammonium ion 
concentration and not on the total ammonia concentration it 
is clear that very little exchange of ammonium ion for sodium 
ion can take place on the resin. 
c. Exchange characteristics of strontium hydroxide, 
(l) Effect of contact time on the exchange adsorption of 
strontium hydroxide on fresh Dov; MX resin. Twenty grams of 
dry fresh resin v;ere shaken with 150 c.c. of strontium hy­
droxide solution {saturated at 20® C.) for exactly 1 minute. 
The solution was iramediafcely decanted and analyzed for atron--
tium ion by precipitation as sulfate (126) and for hydroxyl 
ion by titration with standard HCl. This test was repeated 
for various contact times. The results are given in Figure 7. 
It appears that the adsorption of strontium is more rapid 
than the adsorption of hydroxyl ion, and the exchange efficiency 
and the sodium hydroxide concentration exhibit a me.ximum at 
about U minutes contact time in this case. It will be noticed 
that prior to the maximum point at h minutes, the m.e. Sr 
adsorbed is exactly twice the m.e. OH adsorbed. This suggests 
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that up to 4 ralraites, (SrOH)"^ ion, which contains 2 m.e. Sr to 
1 in.e. OH, is exchanging with Na"*" ion on the resin until all 
the Sr is adsorbed. After this point, the sodium present in 
the solution as NaOH ia readsorbed slowly on the phenolic OH 
groups on the resin. This Is shovm by the lowest curve of 
Figure 7« 
(2) Effect of regeneration with NaCl solution. The 20 g. 
resin naraples of the previous test, on which contact timea of 
10 seconds, 1 minute, and 1 hour v/ere used, were regenerated 
by tumbling each v/ith 50'^ saturated NaOl solution for 1 hour 
then washing thorou^ly with distilled water. After removing 
loose water by suction the three resin samples were again 
tested with .0791N Sr(0H)2 s-s "^he previous test for 10 
seconds, 1 minute and 1 hour respectively. The results are 
given in Table XI together with the corresponding results on 
the fresh resin. 
Examination of Table XI reveals that after regeneration 
the resin adsorbs Sr more rapidly and OH more slov/ly than does 
fresh unregenerated resin. This results in a higher maximum 
exchange efficiency and also a higher maximum NaOH concentration. 
The improved exchange properties of the regenerated resin 
might be ascribed to a certain orientation of the active spots 
on the reain for the cation being exchanged. Thus the first 
contact with Sr(0H)2 solution would orient the exciiange spots 
for Sr thus facilitating the Sr exchange in subsequent contacts 
Table XI 
Effect of Regeneration of Resin on Exchange Adsorption of Strontium Hydroxide 
(Values are in railliequivalenta unless otherv/ise indicated) 
Contact time, sec. 
Total 3r adsorbed 
OH adsorbed 
Initial Sr in solution 
Sr exchanged for Na 
Sr exchanged/total Sr 
adsorbed, % 
Sr adsorbed/initial 3r, % 
OH g.dsorbed/initial OH, % 
G» NaOH made per g. reein 
Cone, of NaOH sol*n, wt. ^  
Regenerated resin 
10 60 3600 
5.53 11.38 11.78 
2.i^8 3.76 8.80 
11.78 11.78 11.78 
3.05 7.62 2.98 
55.1 67.0 25.3 
^7.0 96.6 100 
21.1 31.9 7^.8 
.0061 .0152 .0060 
.0813 .2035 .0795 
Fresh resin 
10 60 3600 
2.12 6.61 11.75 
1.61 3.30 10.43 
11.78 11.78 11.78 
.52 3.31 1.34 
21^,6 50.1 11.4 
18.0 56.2 99.9 
13.65 28.0 88.7 
.0010 .0066 .0027 
.0139 .0883 .0357 
-88-
after regeneration. Experimenters v/lth exchange resins have 
known for some time that a resin that has been "nm in" by 
several exchange and regeneration cycles shows better ex­
change properties than fresh reain. The reason usually given 
is removal of metallic impurities of the resin, but the re­
moval of the usual small amount of such impurities tirould not 
account for the rather large improvement shov/n in this exper­
iment . 
Sorae of the improved performance may be due to the fact 
that the resin was wet before making contact with the solution. 
As discussed on pages 1^ and 50i s- wet resin is swollen, its 
its interstices are more open and accessible to ions for ex­
change. Of course the dry resin will swell up on contact 
with the solution but the wetting process takes time. 
(3) Comparison of the effect of dry fresh resin, wet fresh 
resin and regenerated wet resin on the exchange adsorption of 
Sr(0H)2« Three samples of Dow }£X resin were prepared as fol­
lows: Sample 1; 20 g. of fresh dry resin. Sample 2; 20 g. 
of fresh dry resin tumbled for 10 minutes with 150 c.c. of 
water then sucked free of excess water. Sample 3J sample 1, 
after treatment with .0791NSr(0H)2 was regenerated as in Ex­
periment (2). 
The samples were tumbled with .0791NSr{0H)2 ^ minutes 
and the solutions analyzed. The results are given in Table XII. 
Table XII 
Effect of Resin Condition on PJxchange 
(Values s.re in railliequivalents unless othei'v;ise indicated) 
Condition of resin fresh, dry fresh, wet regenerated, wet 
Total Sr adsorbed ll.ifO 11.38 11.75 
OH adsorbed 5.77 6.67 iK90 
Initial Sr in solution 11.78 11-78 11.78 
Sr exchanged for Na 5.63 i|..71 6.85 
Sr exchanged/total Sr adsorbed, % 53.0 58.3 
Sr adsorbed/initial 3r, i) 97.0 96.7 99.9 
OH adsorbed/initial OH, % '!^'9.0 56.6 i^l.6 
NaOH made per g. resin .282 .236 .3^3 
Cone, of NaOH sol'n, wt. % .150 .126 .183 
Colorimetei' reading on solution 96 91 86 
(100 = colorless, 0 = black) 
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Table XII showa that the regenerated wet resin gives a 
greater degree of exchange than the fresh resin either dry or 
wet. Moreover the dry fresh resin gives a slightly better 
degree of exchange than the wet fresh resin. These results 
clearly indicate that the improved performanoe shown in Ex­
periment (2) is actually due to regeneration and not to merely 
wetting the resin. The slight advantage of the dry over the 
wet fresh resin may be exjjlained by the slight dilution caused 
by the v/ater initially present in the vet resin. 
It is interesting to note that the color throw from the 
regenerated reain is somewhat greater than that from the fresh 
resin. 
(4) Effect of solution; resin ratio. Tlaree samples of 
fresh resin x-zeighing 1 g., 10 g. and 20 g. respectively were 
shaken with 150 c.c. of .0791NSr(0H)2 solution for 2 minutes 
and the solutions analyzed. Each sample of resin vras then 
washed and regenerated \ifith KaOl as described in Experiment (2). 
The test \/ith Sr(0H)2 solution was then repeated on these re­
generated samples. The results are given in Table XIII. 
Table XIII shows that the amount of exchange increases 
v/ith the amount of resin present as is to be expected since 
the more resin present the more sodium is available for exchange. 
However, the "NaOH mad© per gram resin," that is, the exchange 
per gram resin, falls off with the solution: resin ratio. 
This can be explained by the assumption that the higher NaOH 
Table XIII 
Effect of Solution; Resin Ratio on Exchs.nge 
(Values are in milliequlvalents unless otherv/ise noted) 
Condition of reain Fresh Regenerated 
Grams resin 1 10 20 1 10 20 
G.c» solution 150 150 150 150 150 150 
Solution: resin ratio 150 15 7.5 150 15 7.5 
Total Sr adsorbed 1. 53 7. 88 11.27 2. Oil- 11. kk 11.72 
OH adsorbed • Bk 3. 7^ 5.01 • 97 3-51 4.66 
Initial Sr in solution 11. 78 • 
H
 
H
 78 11.78 11. 78 11. 78 11.78 
Sr exchanged for Na • 69 4. liJ- 6.26 1. 07 7. 93 7.06 
Sr exchanged/Sr adsorbed, % ^5. 1 52. 5 55.6 52. 5 69. 3 60.2 
Sr adsorbed/initial Sr, % 13. 0 66. 9 95.7 17. 3 97. 2 99.6 
OH adsorbed/initial OH, % 7. 1 31. 8 i^z.5 8. 2 29. 8 39.6 
NaOH made per g. resin • 690 .313 1. 07 • 793 .353 
Cone, of NaOH sol'n, wt. « ,018J^ « .noil- .1670 « .0285 • 2115 .1882 
Colorimeter reading on sol*n 98 98 98 98 82 7^ 
(100 = colorless, 0 = black) 
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concentration, xfhioh resulted from the presence of the larger 
amount of resin per c.c. of solution, serves to diminish the 
tendency for further exchange. Thus the last part of the resin 
to enter exchange v.'ill 6.0 so to a much smaller degree than the 
first part and the average exchange per errara resin for a. large 
amount of resin v'ill be less than for a small amount. Another 
contributing factor could be the varying degrees of affinity 
exhibited by different exchange spots on the resin, as discussed 
on page The liiore resin present, the less is the tendency 
to utilize the less active exchange spots so ths,t the exchange 
per gram rssin is diminished. 
The data of Table XIII again verify the fact that re­
generation improves the exchange properties of the resin but 
increases the color throve. 
(5) 3jffect of presaturation of the resin vrith Sr(0H)2* 
Ten g. of fresh Bow MX resin u&b tumbled >;ith a suspension of 
5 g. Sr(0H)2' 8H2O in 150 c.c. water for 1 hour to completely 
saturate the resin. The resin v;as then washed thorou^ly and 
regenerated v:ith NaCl in the usual manner and washed. This 
regenerated resin was then tested with 150 c.c. of .0791HSr(0K)2 
for 2 minutes. The results of this test together >.'ith that 
of the 10 g. dry and regenerated sample of Experiment (ii) s.re 
given in Table XIV. 
It is apparent from Table XIV that presaturation of the 
resin with 3r(0H)2 depresses the adsorption of OH and enhances 
Table XIV 
Effect of Presaturation of Resin 
(Values are in niilliequivalents unless other\/ise indicated) 
Condition of resin Fresh Partially saturated, Totally saturated, 
regenerated regenerated 
Total Sr adsorbed 
OH adsorbed 
Initial Sr in solution 
Sr exchanged for Na 
Sr exchanged/total Sr 
adsorbed, % 
7.88 
3.7^ 
11.78 
Sr adsorbed/initial Sr, ^  
OH adsorbed/initial OH, % 
NaOH made per g. resin 
Cone, of NaOH sol'n, wt. ^  
Colorimeter reading on sol'n 98 
(100 = colorless, 0 = black) 
52.5 
66.9 
31.8 
.im 
ll.^iEf 
3.51 
11.78 
7.93 
69 .3  
97.2 
29.8 
.793 
. 2115 
82 
10.87 
2.21 
11.78 
8.66 
79.8 
92.it}, 
18.8 
.866 
.231 
86 
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the degree of cation exchange after regeneration with NaOl. 
Moreover, the more complete the presaturation, the greater 
is the effect. This supports the contention that pretreat-
raent of the resin with a cation orients the exchange position 
for that cation in such a way that subsequent exchange with 
the same cation is facilitated, 
(6) Effect of initial concentration of Sr(0H)2 solution. 
Several 10 g. samples of fresh Dow MX resin were saturated 
v/ith Sr(0H)2 as described in Experiment (5)i regenerated, 
vmshed the sucked free of loose water. The samples v;ere then 
shaken with 150 c.c. of Sr(0H)2 solution of varying concen­
tration for 2 minutes at room temperature. The results are 
shown in Figure 8. 
It appears from Figure 8 that v;hile the absolute ad­
sorption and exchange of strontium increases with increasing 
initial concentration the per cent of the original strontium 
adsorbed and exchanged decreases- On the other hand, both 
the absolute amount of OH adsorbed and the per cent of the 
original OH adsorbed increase vj-ith increasing initial con­
centration. 
These phenomena may be explained by the hypothesis already 
described, namely (1) the unequal affinity for the cation of 
the varioi:is exchange points on the resin and (2) the partial 
Ionization of Sr(0H)2 'to (SrOH)"*" and OH*". Thus at the 
higher initial concentrations of solution, more of the weakly 
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adsorbing exchange points on the reain must be utilized xirith 
the result that the per cent of the original Sr adsorbed vill 
be lower. The fact that the Sr exchanged/Sr adsorbed ratio 
also decreases with increasing concentration suggests that 
the points on the resin that adsorb cations most readily are 
also the ones that exchange them most readily. This further 
suggests that the difference in adsorption and exchange 
ability of the various active points on the resin is very 
likely due to differences in spatial accessibility and that 
exchange requires greater accessibility than adsorption. If 
it is assumed that in very dilute solution Sr(0H)2 dis­
sociates to Sr"^"^ and 2 OH" while in more concentrated solu­
tion a portion of the Sr(0H)2 dissociates to (SrOH)"^ and OH" 
and if it is further assumed that most of the OH adsorbed 
on the resin is in the form of (SrOH)"*" then the behavior of 
OH adsorption shown in Figure 8 becomes intelligible. For 
the greater the initial concentration the greater will be 
the proportion of (SrOH)"*" in solution and consequently the 
greater the per cent of original OH adsorbed. 
It is interesting to inquire as to the simultaneous 
effect of initial concentration and quantity of resin for a 
given volume of solution. Such information can be derived 
from the data already gathered and is presented in Table XV 
and Figure 9* The data are taken from the tests on the ex­
change adsorption of 150 c.c. Sr(0H)2 solution on regenerated 
Dow MX resin for contact time of 2 minutes at room temperature. 
Table XV 
Effect of Initial Concentration and Solution; Resin Ratio 
Test Initial m.e. Sr g. resin Initial m.e. Sr Sr adsorbed OH adsorbed Sr exchanged 
No. in solution g. resin g. resin g. reain g. resin 
1 11.78 1 11.78 2.Oil' .97 1.07 
2 11.78 10 1.178 .351 .793 
3 11.78 20 .589 .586 .233 .353 
k 27.75 10 2.775 i.W .570 .908 
5 20.60 10 2.060 1.350 .W .861 
6 2.05 10 .205 .205 0 .205 
7 8.40 1 8.40 1.990 .954 1.036 
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It Is to be noted that although there is a variation of 
the quantity of resin in these tests as well as a variation 
in the concentrations used, the points in Fiijure 9 &11 fall 
on smooth curves. This shows that the correlation on the per 
gram resin basis is valid. 
The curves of Figure 9 may be interpreted as follows: 
at low concentrations the Sr(0H)2 in solution is completely 
dissociated into and 2 OH"". This permits complete ex­
change of for 2 Na"^ with no adsorption of OH" as shown 
by Test No. 6, Table XV. As the concentration is increased 
some of the Sr{0H)2 dissociates into (SrOH)"^ and OH". Thus 
OH is adsorbed on the resin in the form of (SrOH)"^ ion which 
exchanges v/ith Na"^. Two reactions take place simultaneously, 
viz, 
(1) Sr(0H)2 NagR^ R~3r + 2 NaOH 
(2) Sr(OH) + NagR Na-R-SrOH + NaOH 
The dotted line in Figure 9 represents the adsorption of 
Sr as (SrOH)'*' and is obtained by doubling the ordinates of the 
curve representing OH adsorbed per gram resin. This is be­
cause there are two milliequivalents of Sr for each mllli-
equivalent of OH adsorbed, assuming all the OH is adsorbed as 
(SrOH)"^. The difference in ordinates between the curves for 
total Sr adsorbed and (SrOH)"'' adsorbed is the me. Sr adsorbed 
and exchanged as ion. Thus Figure 9 shows that for all 
but very dilute solutions (less than .002 N) much of the 
-100-
strontiuia Is adsorljed and excshanged as (SrOH)"*" ion by reaction 
(2) given above and the predominance of reaction (2) over re­
action (1) increases as the concentration increases. 
The curve representing Sr exchanged per gram resin is 
obtained by subtra.cting the ordinates of the curve for OH 
adsorbed from those of the curve for total Sr adsorbed per 
gram resin. This cujrve shov/s that the exchange capacity of 
Dow MX resin for this reaction is about 1 as compared 
S-
vjith 2 m.e./g. reported for the Ca-Na exchange in neutral 
solution (16). 
(7) Production of more concentrated NaOH solution, 
(a) Multiple contact at room temperature. From the previous 
experiments it appears that the optimum concitions for ex­
change at room temperature are as follov/s: Contact time 
should be 1 to 6 minutes; the resin should be thoroughly 
saturated v;ith Sr(0H)2 regenerated with NaOl before test; 
a value of 7.5 for the ratio of c.c. solution of g. resin 
is satisfactory; and the Sr(0H)2 concentration should be no 
higher than necessary for exchange to take place. 
At room temperature saturated Sr(0H)2 about .18 N. 
Since the final solution after one contact with the resin can 
never be any more concentrated in OH than the initial solu­
tion it is clear that in order to produce a more concentrated 
NaOH solution at room temperature, the Initial solution must 
repeatedly be brought into contact vrith regenerated resin with 
additions of solid Sr{0H)2 to the solution before each contact. 
••lOl*" 
It is necessary to use solid Sr(0H)2 rather than Sr(0H)2 
solution to avoid dilution with water. 
Fresh Dow I^X resin was saturated with Sr(0H)2 and re­
generated with NaOl as previously described. The wet regen­
erated resin was divided into 10 portions each of v/hich was 
placed in a wide mouthed bottle. To the first bottle w^as 
added 150 c.c. of saturated Sr(0H)2 solution, shaken 3 minutes, 
then decanted into a beaker. Four g. of Sr(0H)2«8H20 crystals 
were added to the solution vrith stirring. The suspension was 
then poured into the second bottle containing the second por­
tion of resin and again shaken for 3 minutes. This procedure 
was repeated 5 times, a small sample of solution being with­
drawn after each contact for titration v;ith HCl. The results 
are shown in Table XVI and Figure 10. 
The results of this experiment may be interpreted as 
follovrs: the drop in OH content on the first contact is due 
to normal adsorption of (SrOH)"^ ion. The rise of OH content 
on the second contact is, of course, due to the addition of 
solid Sr(0H)2 to the solution. However, it v/as expected that 
the OH content would continue to rise above that of the original 
solution since (SrOH)"^ was being exchanged for Na'^ and the 
NaOH thus formed in solution would be more soluble than the 
original Sr(0H)2« As shown in Figure 10, this was not the 
case. The OH content of the solution never exceeded the 
original concentration and as a matter of fact continued to 
Table XVI 
Multiple Contact Exchange at Room Temperature 
Oontact Original 1st 2nd 3rd i^th 51ih 
solution contact contact contact contact contact 
OH content, m.e. 25-2 15.8 23.8 23.0 21.6 
Contact time 3 minutes 
Temperature 23° C. 
k g. Sr(0H)2*8H20 added to the solution before each contact 
26 g. resin in each contact 
18.2 
t 
H O 
N> 
t 
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drop In subsequent contacts despite the addition of solid 
Sr(0H)2 before each contact. This behavior could be due to 
the adsorption of part of the NaOH formed onto the resin as 
discussed on page 86. 
(b) Multiple contact at elevated temperatures. Since 
the solubility of Sr{0H)2 is greatly increased by raising the 
temperature {see Figure 2, page 67), more HaOH will be formed 
per contact with hot saturated Sr(0H)2 soliition than with cold 
saturated solution, and the NaOH content of the solution will 
thus have a better chance to be built up by multiple contact. 
Dow I'lX resin was pre treated with Sr(0H)2 as before, re­
generated, washed and divided into 10 equal parts. Each part 
was then shaken successively with 150 c.c. of Sr(0H)2 solu­
tion preheated to 95° C. and containing enough Sr(0H)2 "to be 
saturated at 80° C. The hot solution was poured onto the 
resin in a bottle, shaken for 1 minute then decanted from the 
resin and cooled to room temperature, whereupon most of the 
Sr(0H)2 precipitated. After taking a 1 c.c. sample from the 
supernatant liquid for analysis the solution was reheated to 
95° 0. to redissolve the precipitated Sr(0H)2*8H20 and poured 
into the bottle containing a second portion of resin and the 
process repeated. In all 10 contacts were made with the same 
solution. The results are recorded in Table XVII and Figure 11. 
This test of the effect of hot concentrated Sr(OH)p solu­
tion in exchange with Dow MX resin revealed the following facts; 
Table XVII 
Multiple Contact Exchange from Hot Concentrated Sr(0H)2 Solution 
Contact 123^1.567 89 10 Total 
M.e. OH in super­
natant solution 40.7 56.2 66.9 70.9 78.6 93-^ IO3.O 98.6 101.2 96.1 
M.e. Sr in super­
natant solution 17.5 15.3 11.5 10.6 9.2 ii-.Z l.it- 1.1 0.7 0.3 
M.e. NaOH in super­
natant solution 23.2 iJ-0.9 55.4 60.3 69.iJ- 89.2 101.6 97.5 100.5 95.8 I 
O 
2.68 2.56 ' 
3.0 -4.7 101.6 
0.12 -0.18 0.56 
Contact time 1 minute 
Temperature 95 to 70° C. 
26 g. reain in each contact 
\rt. ^ NaOH in super­
natant solution 0.62 1.09 1.-^8 I.6I 1.85 2.38 2.71 2.60 
M.e. NaOH made 23.2 17-7 l'+.5 9 9.1 19.8 12.4 -4.1 
M.e. NaOH made per 
g. resin 0.89 0.68 0.55 0.19 O.35 O.76 0.48 -O.I6 
-106 
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A ffiaximum concentration of about 2,7/^ NaOH was obtained. Such 
a concentration is applicable to the uasB given on page 9* 
The final NaOH solution is almost free of strontium due to 
the very lov.' solubility of Sr(0H)2 -2.7^ NaOH at room 
temperature. The Sr{0H)2 this solution is 0.012j^. As 
shovm in Figure 11, the Sr content drops as the OH content 
rises. The maximum exchange capacity, which occurred in the 
first contact, was 0.89 m.e./g. resin. The NaOH content of 
the solution continued to rise for the first seven contacts 
but subsequent contacts could not produce any move KaOH. 
This last point is of special significance. It discloses 
that the NaOH content of the solution cannot be increased 
indefinitely simply by increasing the initial Sr(0H)2 con­
centration and the number of contacts with fresh Na-loaded 
resin. Instead, an equilibrium is reached among the Sr(0H)2 
and NaOH in solution and the cations on the resin. As the 
concentration of NaOH in the solution is increased the ioniza­
tion of Sr(0H)2 is inhibited until the point is reached where 
the effective or (SrOH)" ion concentration is too low 
to exchange v/ith Na"*" on the resin. The presence of a large 
excess of 3r(0H)2 would also inhibit its own ionization. This 
suggests that there is an optimum concentration of Sr(0H)2 
below which the concentration is too low to provide enough 
ions for maximum exchange and above v;hich the concentration 
is too high to permit adequate ionization. 
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Tiie high solubility of SriOH)^ in hot solutions coupled 
with its very loxv' soluhllity in MaOH solutions at room temper­
ature la a clear advantage. These properties permit relative­
ly great exchange of Sr for Ma v:hen hot and easy separation 
by precipitation of Sr{0H)2 from the NaOH product solution 
when cold. 
d. Exchanj?e characteristics of barium hydroxide, 
(l) Experiments in xvhich the resin particles are agitated 
with the solution. The experiments xfith strontium hydroxide 
involving: exchange on Dow MX resin at room temperature from 
dilute solutions v;ere repeated v.'^ith barium hydroxide. The be­
havior of barium hydroxide under these conditions was entire­
ly similar to the behavior of strontium hydroxide. Thus the 
effect of contact time shown in Figure 12 is very similar to 
that for strontium hydroxide as shown in Figure 7. Likewise 
the effect of regeneration with sodium chloride on the ex­
change behavior of the resin shown in Table XVIII is similar 
to that for strontium hydroxide shown in Table XI; and the 
effect of the solution: resin ratio shown in Table XIX is 
similar to that shovm in Table XIII. 
In order to produce a more concentrated sodium hydroxide 
solution, multiple contact exchange with concentrated barium 
hydroxide solution at elevated temperatures was performed 
using the procedure described on page 10^. In this case the 
results for barium hydroxide shown in Figure 13 were not at 
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Fiip;. 12. Rate of adsorption of Ba and OH. 
Table XVIII 
Effect of Regeneration of Resin on Exchange Adsory.)tion of Barium Hydroxide 
(Values are in m.e. unless otherwise indicated) 
Fresh resin Regenerated resin 
Contact time, sec. 10 60 3600 10 60 3600 
Total Ba adsorbed 5.03 9-95 12.03 8.10 12.00 12,0^+ 
OH adsorbed 2.56 3.98 10.32 2.83 3.7I 8.12 
Initial Ba in solution 12.04 12.04 12.04 12.04 12.04 12.04 
Ba exchanged for Na 2.4? 5.97 1.71 5-27 8.29 3.92 
Ba exchanged/Ba adsorbed, ^  49.1 60.0 14.2 65.1 69*1 32.5 
Ba adsorbed/initial Ba, ^  41.8 82.6 99.9 67.3 99-7 100.0 
OH adsorbed/initial OH, ^  21.3 33.0 85.7 23.5 30.9 67.4 
&. NaOH made per g. resin .0049 .0119 .0024 .0105 .0166 .0078 
Cone, of NaOH sol*n, wt. .0659 .1591 .0456 .1405 .2210 .1045 
Table XIX 
Effect of Solution: Resin Batio on Exchange 
(Values are in m.e. unless othervxise Indicated) 
Condition of resin Fresh Regenerated 
.Grams resin 1 10 20 1 10 20 
G. c. solution 150 150 150 150 150 150 
Solution: resin ratio 150 15 7. 5 150 15 7. 5 
Total Ba adsorbed 2. 02 7. 65 11. 67 3. . 26 11. ,20 12. • Oil-
OH adsorbed fl ,80 3. 32 5. 07 1. 20 3. ,13 .kk 
Initial Ba in solution 12, ,0^ 1 9 JL£-* 9 0^1- 12. 0^ 12. 12, ,0^!- 12. .Ql^ 
Ba exclianged for Na 1, ,22 33 6. 60 2. ,06 8, .07 7. 60 
Ba exchanged/Ba adsorbed % 60, ,i|- 56. 6 56. 6 63. 2 72. ,0 63. 1 
Ba adsorbed/initial Ba ^  16. 8 63. 5 97. 0 27. 1 93. 0 
0
 
0
 
H
 ,0 
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all similar to those for strontium hydroxide shown in Figure 
11. In comparing the behavior of barium hydroxide v;ith that 
of strontium hydroxide the follov/ing facts stand out; 
The maximum sodium hydroxide concentration produced from 
barium hydroxide was 1.82>i as compared v/ith 2.71,^ from stron­
tium hydroxide the following facts stand out; 
The maximum sodium hydroxide concentration produced from 
barium hydroxide was 1.82^ as compared v/ith 2.71/^ from stron­
tium hydroxide. 
The final NaOH solution is highly contaminated with 
barium hydroxide to the extent of 2,^6^ Ba(0H)2 as compared 
with only 0.012^ Sr (OH)^ final NaOH solution. 
The Ba content tends to parallel the OH content. This 
is in contrast to the drop in Sr content with the rise in OH 
content. This suggests that much of the barium hydroxide is 
adsorbed by the resin in molecular form while strontium Is 
adsorbed in the ionic form. 
(2) Experiments in v:hich the solution flows through a 
stationary bed of the resin particles, (a) Apparatus and 
general procedure. Up to this point the experiments with 
strontium hydroxide and barium hydroxide were conducted by 
stirring:, tumbling, or shaking a suspension of the resin 
particles In the solution to be contacted and then decanting 
or filtering: the solution. In order to investigate more fully 
the peculiar behavior of hot concentrated barium hydroxide 
solution reported in the previous experiment and to make a 
more thorough study of the hot strontium hydroxide exchange 
in later experiments it was deemed advisable to devise an 
apparatus that would permit close and convenient control of 
temperature, contact time, and other process variables. In 
order to simulate industrial ion exchange practice the resin 
particles were to be held in a stationary bed vith the solu­
tions flowing up or down through this bed. A description of 
the apparatus follows and illustrations are shovm in Figures 
1^ and 15• 
The main body of this apparatus was composed of four 
plates and three frames from 7" x 7" oast iron plate and frame 
filter press. The resin was packed into the lower part of the 
central 1 inch frame F, Figure l^^, while a mixture of v/ater 
and steam was passed through the two outer one half inch frames 
G to keep the resin, and the solution in contact with it, at 
any desired temperature. The temperature was controlled by 
adjusting the ratio of v;ater to steara. Feed solution, wash 
water, and regenerant solutions were placed in the 3~ri®cked 
flasks K and I. The solutions were passed utj and dov/n through 
the resin at any desired rate by means of suction from an 
aspirator. Upflow was induced by opening" valve E, turninj?: 
the -3-way cock G and closing valve D. Dovmflow v;aa accomp­
lished by openln{j valve D, turning cock C and closing valve E. 
The 3-way cock A, allowed solution to flow from either flask 
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Fig. l^r. Diagram of apparatus for obtaining ion exchange rate 
and equilibrium data. 
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K or I. Flask J provided surface for air cooling and con­
densing any vapors arising from the hot solution in the center 
frame. The glass tee L was filled with resin and submerged 
in the resin bed to afford better distribution of the solution. 
The mercury manometer M gave the pressure drop across the resin 
bed. The 3-necked flask I was immersed in a water bath so that 
the solution could be brought to the desired temperature before 
contact with the resin. The path lAL was insulated vrith asbes­
tos string to prevent precipitation from the hot concentrated 
solution caused by cooling. 
The plate and frame assembly was bolted together through 
the lead holes with hollow bolts through v/hich the steam-hot 
water mixture could pass into and out of the outer frame Q. 
Rubber gaskets were inserted between the plates and frames. 
The unnecessary holes in the plates and frames were plugged 
with iron cement. 
The ion exchange unit constructed in this manner provided 
the follov/ing desirable features: 
Temperature of the solution and resin was easily and 
conveniently maintained and controlled. 
The cast iron chamber provided good heat transfer and 
heat distribution and was resistant to corrosion by the hot 
alkaline solutions. 
The resin was easily and conveniently contacted, washed 
and regenerated. 
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The contact of the solution with the resin was of a 
batch character, which is best for equilibrium and rate 
studies; yet flovr characteristics such as pressure drop and 
flox-/ rate could be observed simultaneously. 
The resin was conveniently loaded and unloaded from the 
unit. 
This apparatxis was employed not only for the tests with 
barium hydroxide about to be described, but also with strontium 
hydroxide and with the different kinds of resin to be des­
cribed in the next section. A general procedure for one of 
these tests was as follows: 
A known \\feight of sodium loaded resin was placed in the 
ion exchange unit and the hot concentrated hydroxide solution 
to be tested was placed in the 3-necked flask I. The resin 
and solution v/ere brought to the same temperature and then 
the solution was repeatedly passed up and dovm through the 
resin bed until practical equilibrium ti^as reached. By analyz­
ing the solution after each timed pass, the exchange rate 
could be easily determined. The resin was then xvashed by 
passing water up and doim through the resin bed and then re­
generated with sodium chloride solution and washed again. The 
regeneration and wash solutions started from and were returned 
to flask K. In the case of multiple contact exchange, solid 
barium or strontium hydroxide was added to the solution in 
flask I after each contact to replace that which was exchanged 
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during contact. After these crystals were dissolved the cycle 
of operations v/as repeated until the sodium hydroxide concen­
tration in the solution showed no further increase. The solu­
tion was then cooled to precipitate the barium or strontium 
hydroxide. All solutions including the hydroxide and regenerant 
solutions as well as the tvro wash solutions v/ere analyzed for 
each cycle. 
(b) Exchange x^lth hot concentrated barium hydroxide in 
floiv apparatus, single contact. Using the above procedure, 
^1-50 g. of Doxir MX resin v/as contacted i/ith ^00 c.c. of 2 N 
barium hydroxide solution at 70° 0., washed with water, re­
generated with sodium chloride solution and v/ashed free of 
chlorides. Tills test was repeated several times on the same 
resin bed. The contact time v;ith the barium hydroxide solu­
tion was one minute. The results are shown in Table XX. 
From Table XX the following facts may be gleaned: 
More than of the Ba(0H)2 concentrated solution 
is adsorbed as the whole molecule by the resin while only 
about 10^ of the Ba ions in solution is exchanged for Na ions 
on the resin. The Ba that is exchanged for Ha is subsequently 
recovered In the NaCl regeneration step but the Ba that is 
adsorbed molecularly as Ba{0H)2 866ms to be fixed on the resin 
and is not recoverable. 
Despite the high concentration of Ba(0H)2 present in the 
hot solution, the concentration of NaOH produced, 0.7^> was 
Table XX 
Exchange Adsorption with Hot Concentrated Barium Hydroxide 
(Values are in per cent of original m.e. of Ba(0H)2 solution unless 
otherwise indicated) 
Test No. 1 
Ba OH Ba 
2 
OH 
3 
Ba OH 
4* 
Ba OH 
% adsorbed 93 82 82. 1 63.0 84.8 61.0 82.6 51. 3 
% exchanged 5.2 9. k l^l-.S 19.6 
% recovered by regeneration 8.3 .01 12. 3 O.if Ik.7 2.3 12.9 0. 8 
% recovered by washes 3.3 7.5 k. 8 10.7 12.5 18.9 3.3 10. 9 
% retained by reain 82.1 81 65. 9 60.8 63.0 52.k 55.3 39. 6 
V/eight % NaOH in hot product 
solution 0.69 0.76 0. 69 1.65 
Wei^t $ Ba(0H)2 in hot 
product solution 1.83 2.96 1. 0 5.18 
Exchange capacity m.e./S* 0.113 0. 30 0. 52 0.56 
Regeneration capacity m.e./g. 0.137 0.29 0. kl 0.30 
•Carried out on resin presaturated T?ith NaOH as described in part (d) page 123. 
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not appreciaMy greater than the 0.6^ produced by cold Ca(0H)2 
suspension (page 72), Moreover the supemfetaKt solution, 
after precipitation of the excess Ba(0H)2 oil cooling, vas 
still contaminated with much Ba(0H)2 (1-3^)* 
After contact with hot concentrated Ba(0H)2 solution, 
the resin was washed with a volume of water equal to the 
original Ba(0H)2 solution. The ratio of NaOH to Ba{0H)2 in 
this vmsh water was always much hi^er than in the product 
solution. This is evidence that the "dilution effect" dis­
cussed on page ^1, pertains to this? case. This effect is the 
tendency of a divalent cation to displace a monovalent cation 
more easily in dilute solution than in concentrated solution. 
(c) Saturation of the resin Tvith sodium hydroxide solu­
tion. If the adsorjption of hydroxyl ions from highly basic 
in the resin, then presaturation of the resin v;ith sodium 
hydroxide solution should prevent this adsorption. 
Five hundred c.c. of 36^ NaOH solution at 80° C. was 
slowly passed up and down througii the resin bed after the tests 
of part (b). The solution was allowed to stand in contact 
with the resin overnight after v/hich it vras drained from the 
resin bed and the resin was washed x-rith water. This NaOH 
I 
treatment was repeated twice more to Insure thorough satura­
tion of the resin with NaOH. Analysis of the various solu­
tions are given in Table XXI. 
The results of this experiment indicate that NaOH is much 
Table XXI 
Saturation of the MaGl-regenerated Resin with NaOH 
(Values are in m.e.) 
Treatment No. 
Ma 
1 
OH Ba Na 
2 
OH Ba Na 
3 
OH Ba 
Feed solution 1790 1790 0 1790 1790 1790 1790 0 
Product solution 1338 1^5 154 1533 1627 94 1658 1700 42 
V/Rsh solution 790 837 47 920 947 27 490 494 4 
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more effective in regenerating the resin (i.e. replacing Ba 
"by Wa) than is WaOl. The adsorption of NaOH may be visualized 
as due to very wealcly acidic hydrogen atoms on the resin, such 
as alpha hydrogens which are too strongly held to the resin 
to be detaclied but v;hich can hold NaOH loosely to the resin. 
This attachment, though loose, nevertheless concentrates the 
NaOH at the surface and thua leads to a higher degree of ex­
change than vfith NaCl tv'hich is not attracted as such to the 
resin. 
After each treatment of the resin with MaOH solution 
the combined product and wash solutions contained consider­
ably more WaOK than the original NaOH solution. This surpris­
ing result may be explained by assuming that after the last 
regeneration with NaOl in part (b) the resin had attached to 
it the following ions: Ka, (BaOH)"*". In the presence of hot 
concentrated NaOH the following reaction takes place on the 
surface of the resin: 
+ Na"**—> + NaOH 
where the divalent Ba"^ reinains attached to the resin while 
the NaOH goes into solution. 
(d) Exchange with hot concentrated barium hydroxide after 
presaturation of the resin with sodium hydroxide. The pro­
cedure of Part (b) was repeated on the resin, now presaturs,ted 
with NaOH and thoroughly washed. The results are given in 
Table XX as test No. U. 
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The results Giiov; th&t presaturation with MaOH does indeed 
decrease the adsorption of the OH by the resin and increase 
the exchange of Ba for Na but the amount of OH adsorbed is 
still substantial. This may be interpreted to mean that a 
considerable portion of the OH is adsorbed by virtue of acidic 
hydrogen in the resin which can be preneutraliaed with NaOH; 
but the larger part of the OH is adsorbed in the form of the 
(BaOH)"'" ion. Adsorption of OH by the latter mechanism cannot 
be prevented by pretreatment of the resin v/ith NaOH. 
In this experiment the hot product solution containing 
NaOH and Ba(0H)2 was cooled to precipitate the Ba(0H)2« 
solution was analyzed before and after the precipitation with 
the following results: 
Before Supernatant liquid 
precipitation after precipitation 
m.e. m.e. 
OH 422 180 
Ba 251 89 
Na 171 91 
Thus it appears that when 251-89 = 162 m.e. Ba{0H)2 
precipitated, 171-91 = 80 m.e. NaOH were precipitated v;ith it. 
Since this precipitate was In the ratio of 2 m.e. Ba(0H)2 
to 1 m.e. NaOH, it is reasonable to suppose that the precipita­
tion was in the form of the double base Ba(0H)2* NaOH. The 
ability of Ba(0H)2 to form this double base with sodium hy­
droxide and thus remove it from solution explains the failure 
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to build up the WaOH concentration ot the solution by multiple 
contact exchange as was done with strontium hydroxide, v/hich 
does not form this double base. (See Figures 11 and I3 and 
the discussion on page II3.) 
It would appear that formation of the double base would 
preclude the possibility of using barium hydroxide in multiple 
contact exchange since most of the sodium hydroxide formed by 
exchange would finally be precipitated from solution as Ba{0H)2' 
KaOK. To test this the following multiple contact exchange 
experiment was performed in the flov/ apparatus; 
After regenerating and washing the resin, 400 c.c. of 
concentrated barium hydroxide solution containing 850 m.e. 
of barium hydroxide were passed up and down through the resin 
bed at 70® 0. The resin was then regenerated and washed. 
Twenty grams of solid Ba(0H)2«8H20 crystals were added to the 
product solution from the first contact and the procedure re­
peated. Pour such contacts were made with the same solution, 
adding 20 g. of Ba(0H)2.8H20 between contacts. The solution 
was analyzed before and after each contact v/ith the following 
results: 
Contact 
No. 
Weight ^ KaOH 
in cold solution 
Feed 
3 
1 
2 
0 
0.95 
0.75 
0.52 
0.61 
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Thus, as predicted, multiple contact did not succeed in 
raising the sodium hydroxide concentration of the product above 
that produced in a single contact, and in fact lowered it. 
3. Summary and compariaon of the properties of the various 
hydroxides 
In order to be suitable for use in the production of ' 
sodium hydroxide by ion exchange, a hydroxide must meet certain 
requirements. 
The first requirement is solubility in i-rater. This is 
met by the hydroxides of calcium, strontium, barium, ammonium, 
lithium, potassium, rubidium, cesium, and monovalent thallium. 
The second requirement is the ability to be precipitated 
fairly completely from sodium hydroxide solution at room 
temperature. This eliminates lithium potassium, rubidium 
and cesium hydroxides. 
The third requirement is a cost that is Kithin reason. 
This eliminates tiiallous hydroxide. Thallous hydroxide, more­
over, has a rather high solubility when cold and therefore 
much of it would be lost as a contaminant in the NaOH product 
solution. 
The fourth requirement is the ability of the cation of 
the hydroxide to exchange with the sodium ion on the resin. 
This eliminates ammonium hydroxide v/hich was shown to exhibit 
virtually no exchange at all with sodium ions in basic solution. 
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Thia leaves calcium hydroxide, strontium hydroxide and 
barium hydroxide. A comparison of the properties of these 
hydroxides is given in Table XXII. 
Table XXII 
Comparison of the Properties of the Suitable Hydroxides 
Ga(0H)2 Sr(0H)2 Ba(0H)2 
Solubility at 70® 0., m.e./l 36 880 kk80 
Solubility in NaOH solution 
at 20^ C., M.e./l 5 2 322 
Cost, ^/Ib. equivalent 0.22 26,6  15.2 
14axlmum NaOH conc. obtained by 
ion exchange, weight % 0.62 2.71 1.82 
Calcium hydroxide has the advantage of having a cost that 
is lower than that of sodium hydroxide. This makes it unneces­
sary to recover the calcium chloride in the regenerant effluent. 
However, the maximum concentration of sodium hydroxide solution 
that could be obtained by ion exchange with calcium hydroxide 
solution or suspension under a wide variety of conditions was 
only 0.6% NaOH. This concentration is too low for many com­
mercial uses. 
Strontium hydroxide has by far the best exchange properties. 
It can produce a pure sodium hydroxide solution with concentra­
tion of at least 2.7)9 NaOH vrhlch Is suitable for many of the 
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industrlal applications given on page 9* In contrast, barium 
hydroxide can produce a sodium hydroxide solution of only 
1,8^ NaOH that is hi^ly contaminated with unpreoipitated 
barium hydroxide as shown by the solubility data in Table XXII. 
Moreover, barium hydroxide has the undesirable property of 
forming a double base with sodium hydroxide, Ba{OH)2-NaOH, 
which removes sodium hydroxide from solution v/hen it pre­
cipitates. Strontium hydroxide does not have this property. 
The only advantage of barium hydroxide over strontium hydroxide 
is its lower cost, but both are more expensive than sodium 
hydroxide and would require recovery. 
Thus, by a process of elimination, strontium hydroxide 
must be selected as the most suitable hydroxide for use in 
the production of sodium hydroxide by ion exchange. 
B. Investigation of Suitable Cation Exchange Materials 
A general discussion of the various materials known to 
exhibit cation exchange properties is given in Part II, page 
10. The Inorganic materials such as aluminosilicates, green-
sand and clays tend to be unstable both mechanically and chem­
ically. Acids, alkalis and heat disrupt them rather readily. 
Furthermore their exchange capacities are lower than the 
better organic exchangers. On the other hand, many of the 
organic exchangers such as proteins, peat, lignite, coal and 
their sulfonated derivatives are peptized in alkaline solutions. 
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Many of the phenolio resins are also adversely affected by 
alkali but if highly cross-linked they are fairly resistant. 
The cross-linked sulfonated polystyrene type of resin, is 
highly resistant to acid, alkali, or heat and moreover has a 
hif^h exchange capacity. 
Of all the available exchange materials, only those that 
are resistant to hot alkaline solutions could be considered 
for the application at hand. These are fet'j in number and can 
be classified into three distinct chemical types. A repre­
sentative of each of these types was selected for test and 
comparison: (1) Dow M, a highly cross~linked and stabilized 
sulfonated phenolformaldehyde resin. This type has phenolio 
as well as sulfonic acid groups as active points on v^hlch ex­
change may take place. (2) Amberlite IRG-50, a highly stable 
resin which contains the oarboxyl radical as the sole func­
tional group for exchange. (3) Dow HCR, a sulfonated poly­
styrene resin in which the sulfonic acid radical is the sole 
functional group. Further information on these resins, as 
taken from the literature, is given on page 15. Dow MX will 
henceforth be designated as MX, Amberlite IRC-50 as IRC and 
Dow HCR as HCR. 
The exchange characteristics and general behavior of each 
of these resins v/ere tested using strontium hydroxide in 
multiple contact and sodium chloride in regeneration. Since 
previous v/ork had shown that it is necessary to use hot con-
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oentrated strontium hydroxide in multiple contact in order to 
produce a sodium hydroxide solution of usable concentration, 
these conditions v/ere employed in testing the resins. To 
provide these conditions under circumstances which would 
permit measurement and control of the process variables, the 
ion exchange unit described on page llh and illustrated in 
Figures 14 and 15 was used. The general procedure for oper­
ating this unit in multiple contact exchange is given on page 
118. The essential conditions under which the tests were 
performed are given in Table XXIII, page li^l together with 
the results for comparison of the resins. 
Each cycle in this multiple contact exchange procedure 
was composed of four steps; 
Step (1): Contact of the sodium loaded resin v/ith hot 
strontium hydroxide solution. The product from this contact 
will be designated "solution-1." Figure 16 shows how the 
sodium hydroxide concentration in this solution is built up 
to a maximum by repeated contacts with the regenerated resin. 
With HOR resin, the solution attained a sodium hydroxide con­
centration of 3.5,^ v/hich was considerably higher than the con­
centrations obtained with the other two resins. Figure 1? 
shows how sharply the exchange capacities of the resins drop 
as the NaOH content of the solution builds up. HCR is seen 
to have the highest exchange capacity. As indicated in Fig­
ure 18, the exchange efficiency suffers a very sharp drop as 
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•p 
IRC 
100 200 300 ^00 500 
Total grams resin contacted in multiple exchan-e 
Fig. 16. Commrison of resins: NaOH in product 
solution. 
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HCR 
p. 0.8 
-p 
MX 
IRC 
0.2  
Weight ^ NaOH in product solution 
Fig. 17. Comparison of resins: exchange capacity. 
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: HCR 
IRC 
Weight % NaOH in product solution 
Fig. 18. Comparison of resins; exchange efficiency. 
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the raaxlmtim NaOH concentration is approached, and HCR exhibits 
the highest efficiency. HCR has the least tendency to adsorb 
hydroxyl ion xvhile IRC has the greatest as shown in Figure 19* 
Step (2): Water wash after step (1). This will be called 
"wash-l." As shown in Figures 20 and 21, the fraction of the 
strontium that is removed from the resin by the wash water 
seems to Increase with increasing initial concentration while 
the corresponding fraction of hydroxyl ion remains fairly 
constant. Itoreover IRC releases a much larger fraction of Sr 
and OH to the wash v/ater than do IDC and HCR. 
Step (3): Regeneration of the resin with saturated sodium 
chloride solution. IJhis solution will be called "regen. sol'n." 
Figure 22 indicates that the ratio m.e. OH/m.e. 3r desorbed 
during regeneration is always less than 50^. This suggests 
that all of the OH desorbed in this step is in the form of 
(SrOH)"'' ion and none in the form of molecular Sr(0H)2« HCR 
had the greatest regenerative capacity. 
Step m-)t V/ater wash after regeneration with sodium 
chloride. This will be "wash-2." As in the case of wash-1, 
the IRC resin seemed to hold considerably more SR(0H)2 that 
could be easily removed with wash water than did MX or HCR. 
The behavior is shown in Figures 23 and 24. 
A summary of the comparison of the three resins is given 
in Table XXIII, page 141. In this table the data for operat­
ing performance were gleaned from Figures 16 to 2h by taking 
values for the three resins at the same abscissa in each graph. 
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2 H1 s 13 
Final m.e. OH in soliitlon per gram resin 
Fig. 19. Comparison of resins: OH adsorption 
capacity. 
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IRG 
•p 
MX 
•H 
HOR 
10 
m.e. Sr In feed solution per gram resin 
Fig. 20. Comparison of resins: 3r in wash-1. 
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2 4 6 8 10 
ra.e. OH in feed solution per gram resin 
Fig. 21. Comparison of resins: OH in v/ash-l. 
HCR 
0 10 20 30 Uo 50 
m.e. OH descrlbed/in. e. 3r described, ^  
Fig. 22. Effect of adsorption ratio on desorption 
ratio. 
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n.c. OH on one gram resin before regeneration 
0 
Fig. 24. CompariBon of resin: OH in wash-2. 
Table XXIII 
Comparison of Ion Exchange Reains 
in Multiple Contact Exchange 
Resin HOR 1-QC IRC 
.706 
20-50 
Properties 
Bulk density, g. dry resin/c.c. 
wet volume .671 .66? 
Screen size, Tyler raesh No. 20-^0 1^-20 
^ free apace, c.c. free space/ 
c.c, v/et volume 30.8 33*2 
Cost, dollars per cubic foot 19 12 
Operatinp: conditions 
Graras resin, dry 29.6 31.3 
Temperature ®C. 93 8? 
Vol. of solution-1, c.c. 150 150 
Vol. of saturated NaCl regen. 
sol'n, c.c. 150 150 
Vol. of wash-1 or wash-2, c.c. 150 150 
Operating performance 
Max. NaOH conc. attained in 
solution-1, weight ^ 
Exchange capacity, m.e. NaOH made/ 
g. resin, at x* = 1, Fig. 17 
Exclmnge efficiency, m.e. NaOH 
made/m.e. Sr adsorbed at 
x = 1, Fig. 18 75 39 
OH adsorption, m.e. OH adsorbed/ 
g. resin at x = 3, Fig. 19 0.6 1.2 
3.5 
1 , 6  
2 . 6  
0.7 
32.2 
86 
30.0 
90 
150 
150 
150 
1.2 
0.3 
11 
2.4 
X refers to the abscissa in the figure indicated. 
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Table XXIII (Continued) 
Resin HCR MX IRC 
OTjeratinp: performance 
Regeneration capacity, m.e. Sr 
desorbed/g. resin 1.6 1.2 1.1 
OH in waeh-l, m.e. OH in waeh-
1/m.e. OH in sol*n-l at x = 4, 
Fig. 21 8 11 2? 
Sr in wash-1, in.e. Sr in wash-
1/m.e. Sr in sol'n-1 at x = 4, 
Fig. 20 3 7 33 
OH in wash-2, m.e. OH in wash-
2/m.e, OH in regen. sol'n. at 
X = 1.5, Fig. 24 15 26 5^ 
Sr in wash-2, m.e. Sr in wash-
2/m.e. Sr in regen. sol'n. at 
X = 1.5, Fig. 23 4 3 20 
Physical stability excel, softens excel. 
Color throw none some none 
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In this way the resins v/ere compared on a common basis. Ex­
amination of the table reveals that HOR is by far the best 
exchange reain in operating performance. It produces the most 
concentrated NaOH, has the highest exchange capacity and ef­
ficiency, the highest regeneration capacity, the lowest hy-
droxyl ion adsorption, and loses the least strontium and 
hydroxyl ion in the washes. In these respects IRG is by far 
the worst and MX is intermediate between the two. The char­
acteristics of these resins must be ascribed to their func­
tional groups. Thus HOR, with the sulfonic acid radical as 
the sole functional group, behaves like the salt of a strong 
acid, readily exchanges ions and has small attraction for OH. 
IRO, on the other hand, with its carboxyl groups, behaves like 
the salt of a weak acid, tends toward hydrolysis, exchanges 
ions with difficulty, and shows atrong attraction for OH. 
MX is intermediate between the two because it contains both 
the atrong acid sulfonate group and the weakly acidic phenolic 
group. 
The cost of IRO is much higher than that of the other two. 
While the cost of HOR is somevrhat higher than that of ]»IX, it 
will probably be reduced eventually because of the large quan­
tities of styrene being produced for synthetic rubber and 
plastics. 
In chemical and physical stability, HCR is much superior 
to MX. 
The final conclusion therefore is that the sulfonated 
polystyrene type of resin, such as HOR, is by far the best to 
use in this application. 
The performance data for HCR presented in this section 
were used in deriving the final quantitative flowsheet shov/n 
on page I69. 
C. Investigation of the Proposed Process Using 
Strontium Hydroxide and Dow HCR Hesin 
The proposed process is described in general terms on 
page 6 and in detail on page 168. In this section, three of 
the essential steps of the process are examined with regard 
to the operating conditions required. These three steps are 
(1) Ion exchange, (2) Precipitation of the strontium chloride 
from the regenerant effluent and (3) Reconversion of the 
strontium chloride to strontium hydroxide, 
1. Investigation of ion exchange variables 
Having found that strontium hydroxide is the best hy­
droxide to use and that Dotf HCR is the best available exchange 
material to use, it remains to determine the manner in v/hich 
these should be contacted to give the best exchange operation. 
The operating variables examined were exchange rate, temper­
ature, ratio of initial strontium to grams resin, and initial 
concentration of strontium hydroxide in solution. 
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The rate and equilibrium data for these tests were ob­
tained in the apparatus described on page 11^ and illustrated 
in Figures 1^4- and 15. The procedure for each test was as 
follows: a Icnov/n weight of sodium loaded resin was placed 
in the ion exchange unit and brought to the desired temper­
ature. Measured amounts of xvater and strontium hydroxide 
crystals were put Into flask I, Figure 14, and heated in the 
water bath until solution was complete and the desired temper­
ature was reached. The solution v/as then repeatedly passed 
up and down througjh the resin bed until practical equilibrium 
was reached. By analyzing the solution after each timed pass, 
the exchange rate could be easily and accurately determined. 
The resin was then washed by passing water up and doxirn through 
the resin bed and then regenerated v.'lth sodium chloride and 
washed again. This prepared the resin for the next test. 
The results of these tests are presented in Figures 25 to 
27. For each series of tests the rate data are first presented. 
3y rational extrapolation of these data in both directions in 
time the complete rate curves and equilibrium values were ob­
tained. This extrapolation was based on the assumption that 
the rate data fit the empirical equation 
log A = b - ^  
where A = m.e. Sr"^"*" or (SrOH)"*" adsorbed in time t seconds, m 
and b are empirical constants. The rate curves drawn in 
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Figures 25A, Z6k and 27A were calculated from this equation 
and are shown together vrith the experimental points which were 
used to determine the constants b and m. The equilibrium 
values v/ere arbitrarily taken as the values at 2000 seconds 
since the reaction at this time was virtually complete in all 
cases. The correlation of these equilibrium values with the 
exchange variables is shown in Figures 260 and 27C. 
a. Hate of exchange. The rate curves are typical of 
those obtained with surface reactions in which diffusion is 
the controlling factor and a gradual saturation of the surface 
is reached. This is evidence that for the conditions of these 
experiments diffusion is the controlling factor in ion ex­
change and that exchange itself is practically instantaneous. 
This is in agreement with the conclusions of other investiga­
tors (12^1') (39) and is reasonable since the reaction is ionic 
and therefore extremely rapid. With diffusion controlling 
the rate it should be possible to calculate ion exchange 
columns on the basis of the H.T.U. concept of Chilton and 
Oolburn (31). The representation of ion exchange as a 
binolecular second order reaction (105) appears to apply only 
to very dilute solutions. 
It is interesting to note that the ratio of (SrOH)"^ ad­
sorbed to total Sr adsorbed is essentially constant with time 
of reaction as shown in Figures 25B, 26B, and 27B. This is a 
good indication that the adsorption of hydroxyl ion by Dow 
HCR resin is entirely in the form of (SrOH)"*" ion vrith very 
little if any neutralization by acidic hydrogen atoms that 
may be on the resin. This is in contrast to the behavior of 
Dow MX resin which contains acidic phenolic groups and has 
been shown to absorb hydroxyl ions both by neutralization and 
as (SrOH)"^ ion. 
b. Effect of temrjerature. A glance at Figures 25A and 
25B BhowB that temperature has very little effect on the rate 
or equilibrium of exchange. This is in accord v;ith reports 
of previous investigators (page ^1-9) on the exchange of neutral 
salts in dilute solution. The fact that concentrated basic 
solutions also show a very lov/ temperature coefficient is in 
agreement with the fact that exchange is ionic here also and 
therefore has a very lovr heat of reaction, 
c. Effect of the degree of resin saturation and initial 
concentration. In this series of experiments the volume of 
solution and the v/eight of resin v;ere kept constant while the 
initial amount of strontium hydroxide v/as varied. In this way 
exchange was studied for various degrees of saturation of the 
resin with strontium and various concentrations of the solution. 
Figure 260 shoxvs that the exchange capacity increases to 
a maximum and then drops off as the initial strontium in solu­
tion is increased. The lovrered exchange at the higher con­
centrations of strontium hydroxide may be ascribed to the fact 
that at high concentrations dissociation into Sr"^"'" and ZOIT' is 
^156" 
more difficult and the formation of (SrOH)"^" is favored. This 
is shovm hy the fact that the exchange efficiency, m.e. NaOH 
made/m.e. Sr adsorbed, falls off continuously as the initial 
strontium hydroxide concentration increases. Figure 26C also 
shows that the maxiraum sodium hydroxide concentration as well 
as the maximuiR exchange capacity occurs when there are initial­
ly 2.8 m.e, 3r per gram resin and the initial concentration is 
1.3 ra.e. Sr per c.c. of solution. These initial values result 
the maximum saturation of the exchange points on the resin 
with an exchange efficiency of 62^. 
d. Effect of dilution. In this series of tests the 
volume of water in solution was varied while the amount of 
resin and initial strontium was kept constant. It can be seen 
from Figure 27G that the effect of dilution is to increase the 
exchange capacity and the exchange efficiency. This can be 
ascribed to the greater dissociation of strontium hydroxide 
in dilute solution and also to the "dilution effect" described 
on page It may v/ell be that the "dilution effect" itself 
may simply be the resiilt of partial dissociation of the di­
valent salt or base undergoing exchange. It will be recalled 
that this effect occurs in mono-divalent exchange but not in 
raono-monovalent exchange. However, the improvement of the 
exchange efficiency and capacity on dilution is not marl^ed 
enough to overcome the effect of dilution itself on the con­
centration of the sodium hydroxide solution yjroduced with a 
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given amount of reein. Consequently the net result is that 
the weight per cent sodium hydroxide in solution diminishes 
v/ith dilution as shown in Figure 270. The volume of solution 
should therefore be kept as small as possible. 
2, Precipitation of strontium from the sodium chloride 
regenerant solution. 
The flowsheet in Figure 1, page 8, indicates that the 
effluent from the regeneration step is a solution of sodium 
chloride containing strontium desorbed from the resin in the 
form of strontium chloride. However, the tests in Part III B 
showed that some hydroxyl ion is also deaorbed in the form of 
(SrOH)'*' ion and is therefore present in the regenerant ef­
fluent together with the strontium chloride and sodium chloride. 
The high cost of strontium hydroxide makes it mandatory 
either to make economic use of this effluent solution or to 
recover the strontium from it and reconvert it to strontium 
hydroxide. It has been suggested (I36) that the effluent 
might be used in the manufacture of pyrotechnics in which 
strontium is used as a source of color. However, it seemed 
desirable to investigate the possibility of recovering the 
strontium and reusing it as the hydroxide. 
The regenerant solution, as it issues from the exchanger 
contains sodium chloride and strontium chloride in the mol 
ratio of about 10:3« Precipitation of the strontium salt 
proves to be a difficult problem but some progress has been 
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made In this direction. Work on this phase of the project 
was performed by Mr. Donald Ryan and Mr. Gordon Specht. 
First, experimental data on the mutual solubilities of 
sodium chloride and strontium chloride had to be obtained, 
for this particular system has never been reported in the 
literature. By analyzing a series of solutions in equilibrium 
with an excess of both strontium chloride and sodium chloride 
at various temperatures the polytherm CD for mutual saturation 
of the tv/o salts was established and plotted in Figure 28. 
The solubilities of the pure salts at various temperatures as 
given by Seidell (127) were then plotted and the isotherms 
drawn in. V/ith the aid of this diagram a process for the 
separation of strontium chloride from sodium chloride can be 
described. One hundred pounds of feed solution, saturated 
with sodium chloride but not strontium chloride, of composi­
tion A is heated to 105° C. and 13,2 lbs. of water is evaporated 
along A B until the solution is again saturated with sodium 
chloride. Evaporation is continued along the 105° isotherm 
B C precipitating 16.05 lbs. of pure sodium chloride and 
evaporating 39*75 lbs. water. The solution is cooled rapidly 
from 105° to 23°, precipitating 16.ii- lbs. pure SrClg.61120 
at point D. Sodium chloride is not precipitated on cooling 
because, as is shovm by the curved line C D, it has an inverted 
solubility curve in a solution saturated with strontium chloride. 
This analysis shows tliat to precipitate 70.7^ of the pure stron-
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40" 
SO; 
I06y 
SrCIj' NACI 
FIG.28. POLYTHERM FOR THE MUTUAL SOLUBILITY OF SRCLa 
AND NACL IN WATER 
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tium chloride from the feed solution, 78j^ of the vrater must 
be evaporated from the solution and 93*9^ of the sodium chloride 
must be precipitated in a previous step. 
Since the separation by the above procedure requires ex­
cessive evaporation, another method was investigated. This 
scheme involved the precipitation of strontium chloride by 
the addition of strontium hydroxide to the hot solution to 
form the basic salt Sr(0H)Cl.i|'H20. Triangular phase diagrams 
for the system SrClg-SrO-HgO have been worked out by Miliican 
(98) at temperatures ranging from 0° to 40° 0. His diagram 
at 40° shows that the basic salt Sr(0H)C1.4H20 can exist as 
a precipitate in equilibrium with a solution in the concen­
tration range 33 to 39^ SrClg, 2.10 to 1.36^ SrO and 64.9 to 
59'6^ ^ 2^' lower temperatures the range narrows and at 
0® C. the basic salt phase disappears altogether. It seems 
reasonable to suppose that in the presence of saturated sodium 
chloride solution the basic salt would be less soluble than in 
pure water. Experimental v/ork appeared to confirm this but 
the amount of basic salt precipitated was much smaller than 
expected. Precipitation of hydrated double salts is gen­
erally a delicate process requiring close control of con­
centrations, temperatures, and mixing during both reaction and 
precipitation. It is believed that with further research 
leading to the detennination of the optimum conditions for 
reaction and precipitation, much larger yields of the basic 
salt Sr(0H)C1.4H20 could be obtained. 
3. ReconYerslon of atrontlum ctilorlde to strontium hydroxide. 
Ifhether the product from the precipitation step is 
SrCl2.6H20 or Sr(0H)Cl.^H20, it is necessary to remove the CI 
and replace it with OH so that the strontium hydroxide thus 
formed may be reused in the process. This replacement is 
accomplished "by calcinint^ the salt In the presence of super­
heated steam. The overall reaction is 
3rCl2 + 2H2O ^  3r(0H)2 + 2HC1 
A few references to this reaction are made in the literature. 
Kraus (^9) states that strontium chloride is decomposed by 
superheated steam giving hydrochloric acid. Robinson (120) 
found that from 1 gram SrClg, O.36I gram was hydrolyaed off 
at 970® C. in 30 minutes using steam at 1 atmosphere. The 
lowest temperature at v/hich hydrolysis was appreciable was 
6^4-0° C. 
The following experiments were intended to explore the 
effect of such factors as temperature, time, steam rate, 
catalyst and composition of charge on the conversion of stron­
tium chloride to strontium hydroxide by calcination in the 
presence of steam. 1'/hlle a thorough study by systematic varia­
tion of each of the above factors was not attempted, enough 
runs were made to draw some general conclusions concerning them. 
The apparatus consisted of an electrically heated lab­
oratory combustion furnace fitted with a 30 inch silica com-
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"bustion tube. After the furnace was brought up to temper­
ature a boat containing the charge ^\ras inserted near the dis­
charge end of the tube. Steam was then allov/ed to flow sloiir-
ly through the tube utilizing the first portion of the furnace 
as a steam superheater. The mixture of steam and hydrogen 
chloride issuing from the tube was condensed in a small pj'^rex 
condenser and the condensate collected in a three necked flask 
fitted with a stirrer and burette containing N/lO sodium hy­
droxide. The hydrochloric acid condensate was neutralized 
continuously as it came over, taking readings on the burette 
at regular time intervals to obtain reaction rate data. Steam 
rate was obtained by measuring the volume of solution in the 
receiver flask. After the run the boat was removed from the 
tube and the residue ground in a mortar and extracted with 
water by refluxing for 30 minutes. Analyses for Sr, CI and 
OH were made on the charge, condensate and residue extract. 
The conditions and results for representative experiments 
are tabulated in Table XXIY. In this table, conversion" is 
m.e. HCl formed/original m.e. CI in charge; ">» recovery" is 
m.e. Sr(0K)2 leached from residue/original m.e. 01 + OH in 
charge. 
Conclusions that may be drawn from these data are as 
follows: 
The catalyst has considerable effect on the results. 
Pure strontium chloride in a nickel boat gave a rather low ^  
a?able XXIV 
Hydrolyals of Strontium Chloride "by Calcining v/ith Steam 
Charge Catalyst 
Mols OI2 
in charge 
mols 
catalyst 
Temp. 
Op. 
% 
conversion 
to HCl 
% recovery 
as Sr(0H)2 
% HCl 3 
condensa 
eolutic 
SrOlg none(Ni boat) — 164? 32.5 24.3 3.4 
SrClg porcelain boat 1663 67.8  14.1 7»0 
SrClg alundum 1.0  1654 79.8 12.4 8.2 
SrClg ferric oxide 1.0 1648 73.5 36.0  7.7 
3rOl2 silica 1.0 1651 99.6 23.7 10.4 
Sr0l2 silica 0.5  1659 100.0 7.4 10.5  
SrOlg silica 1.5  1675 99.4 28.7 10.2 
SrClg silica 2.0 1670 87.3 30.1 9.0 
SrClg silica 6.0 1700 41.6 22.2 4.5 
SrOlg + Sr(0H)2 silica .75 1695 99.2 20.6  9.7 
SrClg + Sr(0H)2 Sr0.Si02 .25  1710 99.7 22.0 10.2 
—16^1--
conversion to HCl but a high recovery of strontium hydroxide. 
Strontium ohloride in a porcelain boat or in a boat lined with 
alundum gave a higher conversion but a lower % recovery. 
This is because the effect of the alumina is to displace the 
chlorine thus aiding the conversion, but it ties up the stron­
tium as (SrO)jj.Al20^ from vmich strontiiim hydroxide is leached 
with difficulty thus hindering the recovery. Other acidic 
solids such as silica and ferric oxide, when ground in a 
mortar together with strontium chloride and charged into the 
furnace, had effects similar to alumina but in varying degrees. 
Silica was capable of effecting complete removal of chlorine 
and was intermediate in its readiness to release strontium 
hydroxide by leaching the (Sr0)^.Si02 formed. It therefore 
seems to be the best additive to use since complete removal 
of chlorine is necessary to prevent contamination of the sodium 
hydroxide product in the ion exchange step. The mol ratio of 
Gig to SiOg in the charge that is most satisfactory for both 
conversion and leaching appears to be about 1.5. 
The calcining and leaching reactions, assuming that the 
strontium is precipitated as Sr{OH)01.41120, may be set forth 
as follows: 
Initial calcining 
1.5 Sr(OH)ai + + SiO (SrO)^^^. SiOg + 
1.5 HCl + H20(g) 
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Le a oiling 
(Sr0)^^^.Si02 + |6r{0H)2 + SrO.SiOg 
Calcining 
SrO.SiO + i. 3r(0H)Cl + H O. 1 (SrO) ..SiO + 
I HOI . 
This series of reactions is similar to that used for the con­
version of BaCO^ to Ba(0H)2 as set forth by Dequide (36). 
Charges containing both strontium chloride and sodium 
chloride exhibited peculiar behavior. Most of the charge 
vaporized from the boat, probably because of the formation 
of a low boiling eutectic mixture, SrCl2 - NaCl. The 
SrCl2 - NaCl vapors then reacted with the wall of the silica 
tube to give off HCl and form strontium silicate and sodium 
silicate. More HCl v/as formed than that equivalent to the 
SrCl^ in the charge, indicating that some of the NaOl was 
also decomposed. This decomposition of sodium chloride is 
Interesting because it took place at 1650° F. which is con­
siderably below the temperature at which sodium chloride can 
be induced to decompose even in the presence of a silica 
catalyst (68). The conclusion must be that the SrCl2 acts as 
a catalyst in the decomposition of NaCl and vice versa. Sodium 
hydroxide, however, cannot be leached from Na20.Si02. 
Charges containing strontium chloride and strontium hy­
droxide with silica or ferric oxide behaved in a manner similar 
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to strontium chloride alone with silica or ferric oxide. 
The degree of conversion as well as the rate of reaction 
rises sharply with the temperature. This is shown by the 
curves of Figure 29• Hov/ever, the optimum temperature appears 
to be about 1700® F., for temperatures higher than this caused 
most of the charges to sinter or melt with a resultant low re­
covery of strontium hydroxide vhen the residue was leached. 
Temperatures below 1200® F, gave negligibly small conversions. 
The rate of steam flow over the charge should be kept low. 
As shown by Figure 29, the rea,ction Is rather alow so that a 
low steam rate v/ill not result in & deficiency of steam for 
the reaction. A hi^ steam rate usually led to a lower con­
version probably because of the lower steam temperature re­
sulting from too rapid passage through the preheating section 
of the furnace. A low steam rate has the further advantage of 
producing a more concentrated solution of hydrochloric acid. 
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mol ratio SrCl2 tO SiOg in charge = 1..5 
IOC 
60 
20 
1315 F 
Time of reaction - hours 
Fif;. 29. Effect of temperature on the calcination 
of strontium ohlorlde v.-ith steam. 
"•X68>— 
IV. DESORIPTION OP' THE PROPOSED PROCESS 
A. Quantitative Flow Sheet 
The final flowsheet, Fip^ure 3^» ps.g0 1^9, Is an elaboration 
of the simplified scheme shoxm in Figure 1, page 8. These elab­
orations are largely based on the information {^leaned from the 
experimental work reported in Part III. The quantities and con­
ditions for the various steps are indicated on the flox/sheet. 
Hot concentrated strontium hydroxide solution from the 
"Sr(0H)2 dissolverB"* is passed throu(3^h the "main Ion exchange 
system" containing sodium-loaded Dow HOR resin as the exchange 
material. Ions and (SrOH)"^ ions exchange with Ha"*" ions 
forming sodium hydroxide in solution and leaving and 
(SrOH)''' ions on the resin. The effluent solution is cooled In 
"crystallizer 1" precipitating the excess strontium hydroxide 
which is returned to the "Sr(0H)2 dissolver." The supernatant 
solution from "crystallizer 1" is the product, containing 3*5^ 
NaOH with 0.01^ 3r(0H)2 aa impurity. 
"Wash water after 3r(0H)2 exchange" is passed through the 
"main ion exchange system" then through the "extraction system" 
vrhere it leaches Sr(0H)2 from the (Sr0)^^^.Si02 and thence to 
the "Sr(0H)2 dissolver" where it serves to make up the concen­
trated strontium hydroxide solution. 
^Items In quotation marks refer to labels on the flowsheet, 
page 169» 
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WATER WASH AFTER 
SRroHV ^CHANGE 
WASH WATER AFTER 
NACL REGENERATION NACL 896.3 LB. 
SRIOHJCL 26.6 LB. 
HzO 2890.0 LB. HaO 10,0001 
LB 
HtO 2180 La 
SR(0H)2 483.0 LB. 
NAOH 7.3 LB. 
HiO 2510 LB, 
NACL 885.4 LB. 
SR(OH)CL 47.0 LB. 
H2O 2890 LB. 
SR(0H)2.8H20 609.0 LB. 
NAOH 3.0 LB. 
SR(OH)CL 20.4LB. 
NACL 74,0 LB. 
H2O 10,000 LB. 
NAOH 
3.S« 
soumoN 
SR{0H)2 278.3LB. 
NAOH 775 LB. 
HeO 2510 LB. 
SR(0H)CLI86.6 LB. 
SRCLJ 45.2 LB 
NACL 714.0 LB, 
HzO 2890 LB. 
SR(0,H)2 13.7 LB. 
NAOH 4.3 La 
HzO 2180 LB. 
NAOH 74.5 LB, 
SR(0H), a03LB 
SR(OH),.H«0 75.7 LB." 
SR(OH)CL 26 
NACL 714.0 L 
HzO 2931 LB. 
HzO 2180 LB, 
SR(0H), 186.4 LB. 
NAOH 4.3 LB. 
H2O 2180 LB. SR(OH), 3S.6 LB. 
H.O 163.1 LB. 
.SR(0H)CL.4Hz0 363.( |SR(0H)2 0.9 LB. 
IhzO 122.1 LB. 
CALCINER 
SRO.SiOz 561.5 LB.< 
SROij.SlOz CINDE SRO|,a.SiOz 738LB.-
SR(OH), 
DISSOLVER 
EXCHANGER 
MIXER FOR 
SR(OH)CL 
FORMATION 
CRYSTALIZER 3 
0.7% SR(0H)2 
soLurroN 
EXTRACTION SYSTEM 
SRO.SIOZ RESIDUE 
SR(OH)z SOLUTION 
sr(0H)2.8H20 crystals 
3.5* NAOH SOLUTION 
CRYSTALIZER I 
MAIN CATION 
EXCHANGER 
FIG. 30. QUANTITATIVE FLOW SHEET FOR THE PRODUCTION OF N/^ 
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SOLID NACL ASH AFTER 
EXCHANGE 
WASH WATER AFTER 
NACL REGENERATKM 
NACL 182.3 LB. NACL 896.3 LB. 
SR(OH)CL 26.6 LB. 
HjO 2890.0 LB. NACL DI8S0LVER HjO 10,0001 
LB 
SR(0H)CL 20.4 LB. 
NACL 74.0 LB. 
HjO 10,000 LB. 
EXCHANGER 
NACL 73.8 LB. 
HjO lO.OOOLB. MSTE NACL 
NACL 885.4 LB. 
SR<OH)CL 47.0 LB. 
HjO 2890 LB. 
UN CATION 
EXCHANGER 
MIXER 
FOR 
NACL WASH 
SOLUTION 
SR(0H)CL 20.4LB. 
NACL 74.0 LB. 
H2O 10,000 LB. 
SR(OH)CL 26.6 LB. 
NACL 714.0 La 
H2O 2808 LB. 
SR(0H)CL 186.6 LB. 
SRCLj 45.2 LB 
NACL 714.0 LB. 
HzO 2890 LBi 
MIXER FOR 
SR(OH)CL 
FORMATION 
SR(0H^ .H20 75.7 LB.' 
SR(OH)CL 268.5LB. 
NACL 714.0 LB. 
HgO 2931 LB. 
CRYSTALIZER 2 CRYSTALIZER 3 
0.7% SR(0H>2 
SOLUTrON 
NACL SOLUTION 
SR(0H)CL.4H20 
'SR(0H)CL.4H2 0 363.0 LB. 
CALCINER FUEL 
STEMI SRO.SiO, 561.5 LB.. 
SR0|.9.Si02 CINDER 
CONDENSER HCL 67.9LB. HCL 
10% 
SOLUTION 
LOW SHEET FOR THE PRODUCTION OF NAOH AND HCL FROM NACL 

"Solid NaCl" is dissolved in the "NaCl diasolver" to form 
a saturated solution which is passed through the "auxiliary ion 
exchanger" containing Dow HCR resin v/here a small amount of 
(SrCH)''' ion is released to the solution by exchange ;vith Ha"^ 
ion, and thence through the "main ion exchange system" to re­
generate the resin by exchanging Na"^ ions for the and 
(3rOH)"^ ions previously adsorbed by the resin. The regenerant 
effluent from the "main ion exchange system" is then sent to 
the "mixer for Sr(OH)Gl formation" where it la mixed with 
crystals of Sr(0H)2*8H20 from "orystallizer 3«" In this aiixer 
the 3rCl2 with the 3r(0H)2 under the proper conditions 
to form the basic salt Sr(OH)Cl. The solution is then sent to 
"crystallizer 2" where most of the basic salt precipitates as 
the hydrate Sr(OH)01.4H20 and the supernatant solution is sent 
back to the "NaCl dissolver" to make up the regenerant solution. 
The precipitated basic salt is mixed with the leached 
Sr0.Si02 from the "extraction system" and charged into the 
"calclner" where it is contacted v/ith a slow stream of steam 
at 1650® F. The HCl produced by this reaction is condensed 
v.'ith the steara in the "condenser" and emerges from the process 
as a 10)5 solution of hydrochloric acid. The residue in the 
"calciner*' is (SrO)], ,_5.Si02. This residue is sent to the 
"extraction system" where some of the SrO is leached from it 
by the heated supernatant solution from "crystallizer 3" 
produce a concentrated Sr(0H)2 solution. This solution is sent 
back to "orystallizer 3" to precipitate Sr(0H)p,8H20 for use 
in forming the basic salt v;ith the 3rOl2 in the regenerant 
solution. The remainder of the leachable SrO in the residue 
Is extracted by the wash v;ater from the "main cation exchanger" 
and sent to the Sr(0H)2 dissolver as already described. The 
leached residue, SrO.SiOg is wixed with 3r(OH)C1.4'H20 from 
"crjstallizer 2" and charged into the "caXciner" as described 
above. 
To wash the salt vj-atsr from the "main cation exchanger" 
after the regeneration step, "v/ash water after NaCl regenera­
tion" is passed through the resin to remove all the MaCl from 
it. The first portion of the wash effluent is inuch more con­
centrated than the last. The entire wash effluent is mixed 
together in the •'•mijcer for NaCl wash solution" to make all of 
the solution uniformly dilute. The dilute solution is then 
passed through the "auxiliary ion exchanger" where the Sr"*""^ 
and (SrOH)"*" ions in the wash water are adsorbed on the resin. 
This adsorption is possible because of the dilution effect 
previously discussed. In dilute solution the resin has a 
much stronger affinity for and (SrOH)"^ ions than for Na"^ 
ions; in concentrated solution the affinities are about the 
same so that v;hen the saturated NaCl solution from the "NaCl 
dissolver" is passed through, it can desorb the relatively 
small amount of strontium from the resin in the "auxiliary ion 
exchanger." After the strontium is recovered by the "auxiliary 
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ion exchanger" the wash solution is discharged as a very di­
lute NaCl solution. 
B. Equipment 
A brief description of the principal items of equipment 
required v.-ill be given. 
The heart of the process is the "main ion exchange system." 
This could consist of a battery of standard ion exchange units 
of the type described on paf^e 55» equipped with steam jackets 
to maintain the desired temperature. The iinits would be con­
nected in series, with the valves and piping arranged so as to 
permit operation similar to that of a diffusion battery (15)• 
This arrangement simulates countercurrent flow and produces 
maximum sodium hydroxide concentration, allows maximum utiliza­
tion of exchanger capacity, requires minimum amount of resin, 
and permits continuous operation (119). Solid strontium hy­
droxide v/ould be dissolved in the solution between units to 
keep the exchange potential at a rne.ximum and accomplish multiple 
contact exchange. Refjeneration vrould be carried out in similar 
fashion. Since the solutions are concentrated, the six step 
procedure described on page 55 would be e.pplied to each unit. 
Economic opera.tion calls for a hif^h flow rate and small volume 
for each exchanger unit (99). Since the exclmnge reaction has 
been shown to be rapid, a high floTt-.'- rate is -nermissible, but 
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a small volume of exchanger means frequent regeneration which 
V70uld entail a high labor cost. This could be obviated by 
the Installation of automatic operation. 
The calciner could be a furnace or kiln lined v/ith silica 
or other heat and acid resistant brick. The charge could be 
directly fired by combustion or a gaseous hydrocarbon fuel. 
The steam resulting from this combustion together with the 
water present in the charge would be sufficient to carry on 
the reaction, A furnace for the reaction of sand, salt, and 
steam is described by Iler (68) and may be applicable to this 
case. Indirectly fired furnaces such as the coke oven type 
or the type described by Parry (II3) might also prove workable. 
The extraction system could be a series of Dorr thickeners 
operated in countercurrent. These units would require heating 
coils to keep the solutions at the desired temperatures. 
The orystallizers could be the Swenson-Walker type. Each 
crystallizer would be followed by a centrifuge to remove all 
possible mother liquor from the crystals. 
The HCl condenser could be of Karbate constiniction. 
0. Economic Considerations 
In order to arrive at a rou^ evaluation of the process 
at this stage of development, the comparative method suggested 
by Tyler (l46) will be used. By this method the process is 
compared with a similar one already in operation. The Solvay 
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process for the production of soda ash (I30) Is in mauy respects 
similar to this one. Both processes produce cheap heavy chem­
icals by a method Involving much recycling of intermediate sub­
stances and much of the equipment, such as calciners, crystalllz-
ers, and centrifuges, is similar. The capacity of the proposed 
process is intended to be much smaller than that of the ordinary 
Solvay plant, but it is assumed that the ion exchange process 
lends itself more readily to economical operation on a small 
scale. Operating and fixed costs were estime-ted on an equivalent 
basis, x^hile cost of raw materials and value of products were 
taken largely from Oil, Paint, and Drug Reporter using works 
prices for raw materials and stockpoint prices for products. 
This rou^ estimation is presented in Tables XXV and XXVI. 
This estimation indicates that to be of greatest advantage, 
the process should fulfill the following conditions; The plant 
should be near a source of rock salt and fresh water, and dis­
tant from a source of sodium hydroxide and hydrochloric acid so 
that the freight charges can give greatest Justification for 
the manufacture of these two products for direct plant use. The 
ple.nt in which the process is used should be able to consume all 
of the sodium hydroxide and hydrochloric acid produced. The 
value of the sodium hydroxide alone is not enou^ to Justify 
setting up the process. The strontium compounds circulating in 
the process must be guarded very carefully against loss, for 
loss of strontium in this process is even more critical than 
loss of ammonia in the Solvay process. 
a?able XXV 
Cost of Raw Ms-terials and Value of Products 
Raw materials Unit 
Quantity 
per year 
Unit coat 
$ (>rorks) 
Total cost 
1 per year 
Roclc salt ton 1,190 12.00 lif,300 
Water (soft) 1000 gal. 8.333 .25 2,082 
Strontium hydroxide loss ton 16 ^•60.00 7.330 
Silica loss ton 10 12.00 120 
Total 123,832 
Products Unit Quantity 
per year 
Unit cost 
(1) including 
freight 
Total value 
1 per year 
Sodium hydroxide ton 
pure NaOH 333 88.00 29,000 
i^drochloric acid ton 
pure HCl 304 162.00 49.200 
Total 178,200 
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Table XXVI 
Economic Evaluation of the Process 
Assumed plant capacity 1 ton pure NaOH per day 
Fixed capital ^60,000 
Working capital 10,000 
Total investment 70,000 
Manufa,cturing cost estimate 
Raw materials cost 23,832 
Operating costs lit-, 700 
Fixed costs 12,000 
Total ^50,532 
Value of products 78,200 
Annual savings 27,668 
Years to pay off investment 3 
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7. COx^CLUSIONS 
1. The proposed process as outlined in Part IV may be 
economically feasible in a plant requiring both dilute sodium 
hydroxide and dilute hydrochloric acid, located near a source 
of rock salt and fresh water and distant from a producer of 
sodium hydroxide and hydrochloric acid. 
2. Strontium hydroxide is the most suitable hydroxide for 
use in the ion exchange reaction. 
3. The sulfonated polystyrene type resin such as Dow 
HCR is the best available exchange material for the ion ex­
change reaction. 
A pure 3.5^ sodium hydroxide solution may be obtained 
by multiple contact of hot concentrated strontium hydroxide v;ith 
successive portions of Dow HCR resin, adding solid strontium 
hydroxide to the solution before each contact. 
5. The rate of ion exchange is rapid, practical equilibrium 
being established in a few minutes. 
6. Temperature has little effect on the rate or equilibrium 
of the ion exchange reaction but it must be kept at about 85° 0. 
to hold enough strontium hydroxide in solution for maximum ex­
change . 
7. The optimum initial concentration of strontium hydroxide 
in exchange is I.3 m.e. per c.c. of solution, and the optimum 
ratio of m.e. initial strontium to grams resin is about 2.8. 
-178 
8. Dilution of the strontium hydroxide solution increases 
the exchange efficiency and the exchange capacity but it never­
theless diminishes the concentration of the sodium hydroxide in 
the product solution. 
9» Part of the hydroxyl ions in solution are adsorbed by 
the resin in the form of (SrOH)+ ions during exchange but they 
are later desorbed in the same form during regeneration with 
sodium chloride solution. 
10. The apparatus described on page 11^ is a convenient 
means of obtaining accurate rate and equilibrium ion exchange 
data in hot solutions. 
11. Under proper conditions strontium may be precipitated 
as the basic salt 3r(OH)Ol.^H20 from the sodium chloride re-
generant solution by the addition of strontium hydroxide. 
Neutral strontium chloride also may be separated from sodium 
chloride but this method requires evaporation of water. 
12. Neutral or basic strontium chloride may be calcined at 
1650° F. in the presence of steam and silica to drive off the 
chlorine as hydrogen chloride and leave a residue which may be 
leached to give a strontium hydroxide solution. The hydrogen 
chloride may be condensed with the steam to give a solution of 
hydrochloric acid. 
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71. SmiMABY 
An Investigation was carried out to determine the mater­
ials and procedures by -which the phenomenon of ion exchange 
could "be utilized in a process to produce pure, dilute sodium 
hydroxide solutions from sodium chloride without evaporation. 
The process, as developed in this investigation, involves the use 
of strontium hydroxide as an intermediate. Exchange of stron­
tium ions from hot strontluia hydroxide solution for sodium ions 
on a cation exchange resin, followed by precipitation of the 
excess strontium hydroxide, produces a pure dilute sodium hy­
droxide solution of about 3.5^' The resin is then stripped of 
Its strontium ions by passing sodium chloride through it. The 
effluent solution from this regeneration step contains the 
strontium ions which may be precipitated as basic strontium 
chloride. Reconversion of this chloride to the hydroxide is 
accomplished by calcining at 1700® F. in the presence of steam 
during vhlch hydrogen chloride is given off. The overall 
process is thus an indirect means of bringing about the hy­
drolysis of sodium chloride into sodium hydroxide Industrially 
available and considerably lower than that required by the 
direct hydrolysis of sodium chloride. 
Experimental exploration of this ion exchange process was 
conducted with the aim of finding the best exchangeable hy­
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droxide, the most suitable ion exchange material, and the 
optlmun conditions for exchange and recovery of the exchangeable 
hydroxide. 
Preliminary exa,rjlnation of the properties of all soluble 
hydroxides indicated that only the hydroxides of oaloiuni stron­
tium, barium and ammonium would be suitable for use as the ex-
chanijeable hydroxide. Sscperimental determination of the ex­
change characteristics of these four hydroxides revealed that 
vith calcium hydrGxide» due to its Iotj aoluhillty, a sodium 
hydroxide solution of only 0.6f^ could be obtained by ion ex­
change; v/ith ammonlupj hydroxide almost no cation exchange at 
all took place; vrlth barium hydroxide, due to the strong molec­
ular adsorption of barium liydroxide by the resin and the forma­
tion of the double base NaOH.BaiOH)^ when excess barium hydroxide 
was precipitated from solution, the final sodium hydroxide con­
centration produced was only 0.7^1 strontium hydroxide exhibited 
none of these undesirable features and produced pure sodium 
hydroxide solutions with concentrations as high as Stron­
tium hydroxide was therefore selected as the best exchangeable 
hydroxide. 
Of those cation exchangers that are capable of withstand­
ing hot alka,line solutions, three representative resins were 
selected for test. These were Dotv MX, a sulfonated phenol-
formaldehyde resin; Amberlite IRC-50, a carboxylated polystyrene 
resin; and Doxv' HCR a sulfonated polystyrene resin. The Dow HCR 
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resln proved to be the most desirable for the purpose at hand. 
With it, a 3*5/'^ sodium hydroxide solution v/as produced as com­
pared vrith 2,1)'^ with Do:-; MX and 1.0^ vith Anberlite IHC-50» The 
HGR resin showed a higher exchange capacity and & lower hy-
droxyl ion adsorption tha,n the other two resins. It therefore 
was selected as the best exchange material. 
Using strontium hydroxide and Dow HGR resin, rate and 
equilibrium studies were made on a specially designed ion ex­
change unit to determine optimum conditions for exchange. These 
data were correlated and their practical and theoretical sig­
nificance discussed. 
A study was made of the problem of recovery of strontium 
from the regenerant solution and its reconversion to the hy­
droxide. This may be accomplished by precipitating the stron­
tium as basic strontium chloride which may be calcined in the 
presence of steam to give strontium hydroxide and hydrochloric 
acid. 
A quantitative flov; sheet for the process based on the ex­
perimental data was devised and a rough economic evaluation 
presented. 
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